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Materials with large two-photon absorption (2PA) cross-sections found applications in
several areas such as sensor protection, 3D micro/nano fabrication, photodynamic therapy,
optical data-storage, multi-photon sensing, multi-photon microscopy and imaging. Several
successful research strategies were developed in literature to achieve 2PA materials with
enhanced cross-sections. However, the obtained cross-sections are far from adequate and there
is a need to develop new strategies. In a parallel development, numerous research efforts were
focused on studying the dynamics of interfacial charge-transfer (ICT) across chromophoresemiconductor interfaces, especially in the context of dye-sensitized solar cells. While
investigating the fundamentals of ICT, it was found that these interfaces provide greater
dipolar coupling and can create surface electric fields. Thus, the hypothesis of the present
thesis is to use the local electric fields and interfacial interactions to enhance the 2PA crosssections of attached chromophores. This strategy of chromophores stationed at interfaces can
lead to synergistic 2PA enhancement. To prove the hypothesis and design better 2PA
materials, following research work was undertaken. Firstly, ICT dynamics on three anthracene
derivatives-sensitized TiO2 nanoparticles was studied to understand the influence of anchoring
groups and corroborate the presence of local electric fields. Secondly, investigations were
continued to probe the dynamics of electron injection and transient Stark effects in a donor-pacceptor chromophore sensitized TiO2 nanoparticles. Thirdly, new chromophores are
synthesized that can possess strong interfacial electronic coupling with the semiconductor and

create local electric fields. The 2PA cross-section measurements of these chromophoressensitized semiconductor nanoparticles have shown unprecedented 2PA enhancements as high
as 20-fold when the chromophores are attached to the semiconductor nanoparticles. The
mechanism behind the enhancement was probed with ultrafast luminescence and absorption
and the results confirmed the presence of a charge-transfer state. Finally, the interfacial
electric field generated at the interface of charged micelle and water was used to enhance the
2PA cross-sections of chromophore that was solubilized in that region. The results presented
in the thesis have confirmed that local electric fields exist at the interfaces and they can be
successfully utilized to design efficient 2PA materials.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Nonlinear Optics and Nonlinear Optical Materials
A great physicist Theodore Maiman demonstrated the first working laser in 1961.1 Since then
a fast growth in laser technology promoted the manufacture of highly sophisticated laser
systems, which can operate over a wide range of wavelengths. These technological
developments in laser systems and optical accessories contributed vastly to the advancement
of many areas of science, particularly in the field of nonlinear optical (NLO) spectroscopy.
The accessibility of high intensity lasers of different types was fundamental to the emergence
of new fields of nonlinear optics. The hallmarks of laser light are their desirable properties of
monochromaticity, high intensity and high degree of coherence, which are all decisive to
studying nonlinear optics. Some of the amazing nonlinear optical phenomena are the
interaction of monochromatic light with a material to convert into another light wave, whose
frequency is in harmony of the fundamental frequency. The combination of two or more light
beams to produce light beam which can alter the refractive index of a medium by an amount
proportional to the intensity of the beam. The excitation of a material using two or more
photons, which are absorbed simultaneously in a process called multi-photon absorption. The
change in the nature of scattering light in the presence of strong incident light, are some of
the amazing phenomena realized by NLO materials. Thus, non-linear optics comprises a wide
variety of phenomena and research interest on this field is ubiquitous.
Understanding the NLO properties of materials and the structure-property relationships have
been in the forefront of research for several decades. In addition, the development of
advanced synthesis methods and new techniques for material design and fabrication has

1

dramatically contributed to this progression. Despite these improvements, there is still a need
for novel materials capable of displaying large nonlinear optical responses. One of the design
approaches responsible for the creation of novel NLO materials is the ability of a material to
absorb multiple photons simultaneously. The simplest multi-photon absorption property of a
material is the absorption of two-photons simultaneously, even though there could be three or
more photon absorption cases. In this dissertation, the focus is on two-photon absorption
(2PA) property of materials. This property is quantifiable using a measurable entity called
2PA cross-section as discussed in chapter 2. Two-photon absorbing materials have a number
of applications including multi-photon imaging,2-5 3D microfabrication,6-9 3D optical data
storage,10 optical power limiting,11-23 photodynamic therapy,24-28 two-photon sensing,29-32
protein folding and unfolding,33, 34 etc. Therefore, materials with large 2PA cross-sections are
highly needed and research on such materials has a paramount importance.
1.2 Two-Photon Absorption
The NLO property of a material can be theoretically explained when a beam of light
propagates through it. Depending on the order of nonlinearity exhibited by a material upon
interaction with incident radiation, the fate of the NLO property of the material can be
defined. In other words, the actual order of nonlinearity or the nonlinear properties of
materials depend on the intensity or electric field strength of the incident radiation. As the
intensity of incident radiation increases, higher-order frequency effect occurs. For example,
second harmonic generation (SHG), third harmonic generation (THG) and higher order
frequencies are some of the phenomena occurring in the presence of an applied field from an
intense laser source.

2

For a nonlinear medium, the induced polarization is always a nonlinear function of the
applied field.172, 173
Therefore, when the optical property of an organic material (the medium) changes
quadratically with respect to the intensity of the applied field, a nonlinear phenomenon called
2PA materializes. Thus, the function that describes the polarization of the displacement of
charges within the nonlinear organic material, P(t), upon interaction with an incoming
electric field can be given by a power series of the anharmonic oscillator model as follows:35
P(t) = χ(1) E(t) + χ(2) E2(t) + χ(3) E3(t) + …

1.1

The first term χ(1)E(t) refers to the induced polarization, which is linearly related to the
applied electric field, where, χ and E represent the linear susceptibility of the medium and the
corresponding electric field vector, respectively. On the other hand, the second and higher
terms refer to cases where there is presence of intense electric fields. In these cases, the
higher order of susceptibility becomes very important to describe the polarization.
Here, χ(2), χ(3), and χ(4) are distinguished as second, third and fourth order nonlinear
susceptibilities of the medium, respectively. In all cases, the induced polarization is able to
augment the fundamental frequency to lower wavelength. Therefore, depending on the orders
of nonlinearity the material exhibits, different types of frequencies can be generated, which in
turn provide additional options for studying NLO materials.
1.2.1 Background
In 1931, Goppert-Mayer35 theoretically proposed the simultaneous absorption of two-photons
by a molecule. In her work, she concluded that the absorption of two photons takes a
molecule in the ground state to the excited state level with an energy comparable to that of a
one photon that spans the combined gap.35 The experimental verification for the phenomenon
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was obtained after 30 years later when Franken et al.36 observed the first 2PA in a material
using a ruby laser in 1961. At about the same time, Kaiser and Garrett37 discovered
experimental evidence for 2PA by investigating a nonlinear inorganic salt crystal CaF2:Eu2+
with a doping level of Eu2+ of 0.1%. They excited the crystal in their laboratory using a ruby
laser at 694.3 nm, only to observe a blue fluorescence at 425 nm, which proved their work as
there was no linear absorption below 455 nm and that the crystal was completely transparent
at the excitation wavelength. From the demonstration, they concluded that the observed blue
fluorescence was due to a nonlinear process accomplished by two-photon excitation
phenomena. In addition, the researchers also proved the presence of quadratic dependence
between the observed fluorescence intensity and incident ruby laser’s intensity to verify this
nonlinear phenomenon. Thus, in order to observe such interesting processes a very high
intensity of incident light is required so that the two photons combine simultaneously both in
space and time. This was the early stage yet very convincing demonstration of the two-photon
excited fluorescence (TPEF) technique.
Since 1961, the progression of high intensity pulsed-lasers played a key role for the
experimental confirmation of 2PA. Nowadays, access to femtosecond lasers mitigated the
development of materials with large 2PA cross-sections. In all the two-photon experiments
carried out in the thesis, we have used two-photons of equal energy. This type of two-photon
process is called degenerate 2PA. It is also possible to perform non-degenerate 2PA
measurements using two photons of different wavelengths. Scheme 1.1 shows a
representation of a typical degenerate 2PA process.
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Scheme 1.1 Diagram showing the process of 2PA
There are several applications of 2PA resulting from the unique advantages of two-photon
excitation instead of one-photon excitation, especially in nonlinear optics.2-34 Excitation with
two-photons of near infrared wavelength during 2PA process lowers the scattering effect
drastically. Rayleigh’s law of scattering supports this effect. According to Rayleigh,
scattering and wavelength are related mathematically via:38
Scattering

where

is the scattering of light and

1.2

the wavelength. From the equation, for a two-fold

increase in excitation wavelength, scattering is reduced by as much as 16 times. This property
brought with it several other advantages of 2PA over the one-photon absorption. The ability
of the two-photon excitation process to increase the penetration depth and reduce the focusing
volume in materials is some of the additional advantages.
The non-linear optical properties of molecules can be mathematically described using a
parameter called the 2PA cross-section.39 It is a counterpart of the one-photon cross-section,
which is directly related to the molar absorption coefficient. The attenuation of a beam of

5

light resulting from simultaneous absorption of two-photon can be treated mathematically in
the same manner to that of the Beer-Lambert’s law for one-photon absorption according to
the following equation:39
= -N

2I

2

= -N  F I

1.3

where I is the intensity, Z is the distance into the medium, N is the number of molecules per
unit volume, and

2

is a molecular coefficient for 2PA. Therefore, the 2PA has another

advantage of quadratic dependence to the incoming laser irradiation. This gives rise to the 3D
imaging capability as the two-photon excitation takes place only at the focal point. This is
also one of the reasons for low background noise and better resolution. All these advantages
of 2PA make it a promising phenomenon for several applications.
1.3 Applications of Two-Photon Absorption
The salient advantages of 2PA over one-photon absorption lead to several applications. One
of the many applications of 2PA is in the production of 3D data storage devices, which can
fill the needs for storage and transfer of large amounts of digital data easily. 40-44 The
properties of the 2PA, which are key for the success of optical data storage are the reduced
scattering, the greater penetration depth, and the smaller focusing volumes. Rentzepis and his
co-workers

40, 41

are the leading researchers in this field and demonstrated the first workable

3D optical data storage in 1989. The researchers took advantage of the simultaneous
interaction of two photons with a non-linear material for data storage and optical reading in
the 3D format. The absorption of light by two-photon process induces a photochemical
reaction, which leads to formation of the written, colored form with the absorption spectrum
shift to the visible region.

6

In a typical experiment shown in Figure 1.1, the memory material is composed of an organic
dye, which has different chemical structures when exposed to acidic or basic media.45 For
example, an organic laser dye such as Rhodamine B exists in two different forms, depending
on acidity and polarity of the solvent. While the base form of Rhodamine B is colorless and
non-fluorescent, the acid form is so colorful, stable, and strongly fluorescent dye. Thus, it is
possible to design optical storage materials for writing and reading based on base-acid
transformation.

Figure 1.1 “Write” and “read” forms45
The first precondition is to get an acid form of a molecule using an acid-generator component
by exciting to its first allowed electronic state. The second component can be a well-known
organic dye precursor, which reacts with the photo-chemically converted acid to form a
strongly fluorescing dye. Thus, the basic form of Rhodamine B can act as an organic dye
precursor. A representation of the reaction mechanism for both writing and reading purposes
can be expressed using a reaction equation shown in Figure 1.2.
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Figure 1.2 Reaction mechanism for writing and reading process45
In the example above, a new memory material such as 1-nitro-2-naphthaldehyde (NNA) of
acceptable beam efficiency was employed as an acid generator component. It has been
experimentally shown that NNA undergoes photochemical rearrangement to nitroso-acid
when excited with UV light, see scheme II. The absorption spectra of NNA and
corresponding nitroso-acid showed excellent beam efficiency to guarantee two-photon
writing with 1064 nm and 532 nm beams. In their typical work, the emitted light is detected
by a photodiode or charge coupled device (CCD). The proper selection of materials which
provide widely separated spectra for the write and read forms is extremely important because
it assures that only the “written” molecules emit light and only from the area of the written
memory that is being read without crosstalk.
In other areas of research, materials with high 2PA cross-section found applications in optical
power limiting.46-58 Optical power limiting is a phenomenon when a large change in input
energy produces only a small change in the output. Molecules, which possess large nonlinear
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behavior, are the ones that find many applications in this regard, especially for protecting
human eyes and optical sensors as shown in Figure 1.3.

(a)

(b)

Figure 1.3 Optical limiting materials (a) Optical limiting optical sensor and eye protection
from intense laser (highly useful in the military),59 and (b) Normal transmission of light at
low intensities and limited transmission at higher irradiance60
Tzu-Chau Lin et al. demonstrated that molecular structures with elongated π-conjugation and
containing multi-branched moieties possess large molecular nonlinear absorbtivity.61 The
researchers indicated that multi-branched chromophore structures based on tri-substituted
olefinic systems exhibit large non-linear optical properties in the near infra-red (NIR) regime.
Figure 1.4 shows the studied chromophore system provides large optical non-linearity and is
useful in molecular designing approach towards strong two-photon absorbing material
systems. Such systems can be used for optical suppressing applications.
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Figure 1.4 Tri-substituted olefinic systems exhibiting large optical nonlinearity61

Another important application of 2PA is in the field of microscopy. Two-photon microscopy
has the ability to perform comprehensive imaging of cells and tissues at a greater depth and
for an extended period of time. Denk et al. invented two-photon microscopy, which provides
high-resolution microscopy, in 1990.62 Before the advent of two-photon microscopy, highresolution fluorescence microscopy was essentially limited to thin-section preparations due to
the problems posed by scattering effects. In contrast, two-photon microscopy can reduce the
scattering effect and makes use of fluorescence to generate contrast in the sample, Figure 1.5.
Fluorescence microscopy is so specific that it can only detect certain fluorescent molecules in
a background of many fluorescent molecules. Thus, the technique can tell the distribution of
molecules, cells, or tissues labeled with a fluorophore to aid in their imaging. Today, twophoton microscopy is by far the preferred imaging technique and provides two-photon laser
excitation of 2PA materials labeled on cells or tissues.63-70
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Figure 1.5 Principles of confocal and two-photon microscopy71
The salient difference between one-photon and two-photon excitation is that for two-photon
the collected fluorescence is proportional to the square of the incident intensity (TPEF ~ I2).
All of the useful properties of two-photon microscopy stem from this relationship. During
two-photon excitation, fluorescence is collected from a tiny volume (<1 μm3) at the focus of
the highly localized excitation beam. Therefore, when detecting fluorescence, it originates in
the focal volume. Therefore, no pinhole is required as in one-photon excitations to generate
high-resolution imaging, and fluorescence can be collected efficiently. In addition, the use of
longer wavelengths for excitation enables the investigation of tissues more deeply and
without affecting the surrounding healthy cells due to highly focused laser output and reduced
scattering incorporated. Thus, two-photon microscopy prevents tissue damage below and
above the tissue surface.
Another application of 2PA is in two-photon photodynamic therapy (2P-PDT).72 It is possible
to use strong two-photon absorbing chromophore as a photosensitizer in photodynamic
cancer therapy. In a typical, experimental shown in Figure 1.6 an efficient two-photon
absorbing chromophore is excited simultaneously using laser pulses of 800 nm each. Upon
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excitation, the chromophore transfers its energy to the photosensitizer. The photosensitizer
then generates highly active singlet oxygen to extend the application to 2P-PDT. Shown
below is the schematic representation of the 2P-PDT mechanism whereby oxygen
luminescence is monitored at 1275 nm via the two-photon excitation of 800 nm laser pulses.73

Figure 1.6 Energy diagram for singlet oxygen generation by two-photon excitation of a
donor 73
One potential application of 2P-PDT therapy is in the treatment of cancer. Porphyrin and
phtalocyanine derivatives are the leading photosensitizers currently in use during one-photon
photodynamic therapy (1P-PDT).74 These photosensitizers produce highly active singlet
oxygen, which destroy cancer cells. However, the efficiency of the treatment is limited
because of lower penetration depth of the excitation visible light on the surface of affected
cells or tissue. Thus, an efficient alternative would be the use of two-photons in the near-IR
range, which corresponds to an “optical window” for biological tissue.75 Excitation with twophotons penetrates the surface readily and efficiently allowing the localized treatment of
cancer even at significant depths below the surface tissue.
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Another application of 2PA is in the microfabrication of microscale three-dimensional objects
from virtually very tight spaces.76-82 This is possible because of the highly focused nature of
the laser excitation output employed during the simultaneous absorption of two photons and
consequent chemical polymerization at the focal point. Thus, during 3D microfabrication,
precisely selected chromophores act as efficient photo-initiators to start photo-polymerization
reaction.76-82 The fascinating phenomena of the 3D microfabrication is the fact that any of the
subsequent photo-induced chemical reactions are also confined to a very small volume. In a
typical example of 2PA polymerization steps, Leerier and Bedeck and their co-workers
demonstrated the use of highly conjugated ketones as potential photo-initiators.83 These
molecules have high 2PA efficiency in the infrared region with the substituents capable of
forming the required free radicals after excitation with 1064 nm laser pulses. The molecular
structure of the studied molecules is shown in Figure 1.7. As can be seen, the molecules
consist of D-π-D properties, with extensive π-conjugation, which are well-known structureproperty relationships for enhancing the 2PA cross-section (discussed in chapter 1, section
1.4).

Figure 1.7 Conjugated ketones as potential photo-initiators83
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Figure 1.8 Two fabricated micro-objects: (a) a micro Euro coin and (b) a micrometer sized
Archimedes’ screw84
Micrometer sized 3D micro-objects can be fabricated by 2PA-based photo-polymerization
reaction mechanism. Some of the many objects fabricated by this process include a micro
Euro coin, Archimedes screw, an array of pillars, a stack of microcapillaries and micropillars
as shown in figures 1.8 and 1.9.84

Figure 1.9 3D micro objects: Array of pillars, a stack of microcapillaries of various lengths
and inner diameters, and micropillars created using 3D microfabrication technique84
Thus, for all the applications discussed above, near infrared excitation from a pulsed laser
system, high intensity laser output and materials with very high 2PA cross-sections are highly

14

needed in order to make the aforementioned applications commercially viable. Most
importantly, materials with very high 2PA cross-section are highly researched.
1.4 Structure-Property Relationship for Enhancing 2PA
There are several research strategies employed by different groups in the world to achieve
materials with large 2PA cross-sections over the years. Some of the successful strategies and
design approaches along with advantages and disadvantages are discussed below.
1.4.1 2PA properties of organic materials
In the case of organic chromophores, there are certain criteria about their ability to absorb
two-photons. Their two-photon absorption cross-section is hugely dependent on the transition
dipole moment and the change in dipole moment induced after excitation. Generally,
chromophores, which possess very high extinction coefficient and large fluorescence
quantum yield, are useful as two-photon absorbers. Such compounds usually provide greater
charge-separation, transition dipole moment and change in dipole moment after excitation,
which are very important for enhancing the 2PA cross-section. Other properties of the
chromophores, which are also responsible in search for two-photon absorbing materials,
include the presence of π-conjugation and its length, donor and acceptor strength, and
characteristics of the π-bridging center between the donor and acceptor groups. The overall
purpose of designing novel molecules for the intended work is to create strong chargeseparation upon excitation, which on the other hand influences the change in dipole moment
for increasing the 2PA cross sections.
Quite a number of organic and inorganic materials have been designed to enhance the 2PA
cross sections.83-124,

137-160

Our discussion will begin with organic molecules containing

dipolar, quadrupolar, octupolar, and dendritic structures as they have been the focus of
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research and that significant success were achieved with those approaches.83-112 Some of the
general structure-property relationships of the organic molecules studied for enhancing the
2PA cross-sections include: simple organic dipolar chromospheres (D-A),85-92 complex
structures including quadrupolar (D-π-A- π -D or A-π-D-π-A),93,

94

octupolar,

95-103

and

dendritic architectures.104-124
Marder and Perry,125 and their co-workers reported a comparison of linear chromophores
such as trans-stilbene A and its derivative B with dibutylamine terminal donor substituents of
the type D-π-D systems. Organic compounds, which possess two donor groups and longer
conjugation linkers, provided acceptable enhancements in 2PA cross-section and depending
on the strength of the donor groups present. For example, figure 1.10 shows that the 2PA
cross-section of compound B (110 GM) is almost ten times higher than that of the
unsubstituted compound A (12 GM). In addition, the 2PA cross-section of compound C with
n-diphenylamine substituents instead of the dibutylamine of compound B, has increased three
times relative to B.126-127 The presence of strong donor terminal plays a great role in
enhancing the 2PA cross-section. Generally, it can be stated that the charge-transfer
experienced by centro-symmetric compounds results in higher 2PA cross-sections, which led
to a general conclusion for the design of 2PA chromophores consisting of two donor (D-π-D)
or acceptor (A-π-A) terminal groups linked by π-conjugation system.126
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Figure 1.10 Linear chromophores with similar donor-π-donor125-127
In addition to the presence of donor groups at the terminal of chromophores with of varied
strength, presence of acceptor terminal groups also affect the measured 2PA cross-section of
a dye molecule. The most commonly investigated acceptor terminal groups are the π-deficient
heterocyclic substituents, such as pyrrole and pyridine.126,131,132 For comparison reasons,
figure 1.11 shows compounds with D-π-D (F) and A-π-A (G) systems. The measured 2PA
cross-section for compound F (1200 GM), with donor terminal groups, is almost 15 times
higher than that of compound G, with acceptor terminal groups. The result is mainly
attributed due to the presence of strong charge separation in case of D-π-D (F) system, being
structurally more effective than A-π-A (G) system to enhance the 2PA cross-section.131

Figure 1.11 Dye molecules with a donor terminal (F) and an acceptor terminal (G)131
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Another interesting structure-property relationship for designing two-photon absorbing dyes
is by way of changing the donor/acceptor strength of the central bridging located in between
the π-conjugation linker.126,

130

Figure 1.12 shows structure-property relationships, which

correspond to either D-π-D (H and J) or D-π-A-π-D (I and K) systems. Results for such kind
of chromophores indicate that, attaching electron-withdrawing nitrile groups to the central
core increases the measured 2PA cross-section by a factor of three in going from H to I ,126-130
and by a factor of five from J to K.128 The enhancement in 2PA cross-sections are probably
due to the increased charge separation after excitation in the presence of an electronwithdrawing nitrile group at the center of the bridging.

Figure 1.12 Dye molecules with a donor/acceptor central bridge H (D-π-D); I (D-π-A-π-D); J
(D-π-D); K (D-π-A-π-D)128
Another interesting structure-property relationship that has a strong impact on 2PA is the
overall size of dye molecules as expressed by the number of π-electrons (Ne) present.133 The
underlining key point for such kind of systems is the fact that 2PA cross-section is a

18

molecular quantity which increases with increase in the number of π-electrons. For example,
linking together two chromophores will double the 2PA cross-section if the combined results
do not lead to delocalization of electrons. The enhancement is attributed to addition of more
and more π-electrons favoring strong binding to the original chromophore, which eventually
result to an increase in the transition dipole moments and the change in dipole moments.

For example, the 2PA cross-section for compound M (3300 GM) in Figure 1.13 increases by
almost two-fold when compared to compound L (1700 GM). The result suggests that the
increase in 2PA cross-section is due to an increase in the length of chromophore M. However,
the increase in 2PA cross-section as we move from compound M to compound N is minimal
(3300 to 3800 GM).

Figure 1.13 2PA cross-section with increasing length of a chromophore134
A series of linear chromophores have been discussed in order to gain an understanding of
different architectures and their influence on 2PA cross-section. Another class of structureproperty relationship believed to increase the 2PA cross-section is when the linear
chromophores branch themselves into a three-dimensional fashion. Prasad et al. 135 proved
experimentally the presence of cooperative enhancement of 2PA cross-section in multi-
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branched chromophores. Figure 1.14 shows the type of structures studied for this purpose.
The structures contain an original chromophore (O), a di-substituted chromophore (P), and a
tri-substituted chromophore unit (Q), all linked to a common triphenylamine group. These
compounds showed a dramatic increase in the 2PA cross-section with an increase in
chromophore units. The 2PA cross-section found for these multi-branched chromophores are
O (60 GM), P (208 GM), and Q (587 GM). The result also indicated a cooperative
enhancement when the relative ratio of 2PA cross-section per π-electrons (/Ne) is
considered, (O, /Ne=3.9; P, /Ne=8.2; Q, /Ne=13) demonstrating the strong influence of
elongated π-conjugation on the 2PA cross-section.

Figure 1.14 Branched chromophores135
Goodson III and his co-workers also demonstrated the interaction of highly conjugated
organic dendrimers with the idea of enhancing the 2PA cross-section in a synergestic
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manner.136 In their work, they have shown successfully that strong coupling of conjugated
organic molecules with tri-phenyl amine sub-units and an alkyne conjugation linker enhances
the 2PA cross-section. Figure 1.15 shows the investigated dendritic structures with different
generation number labeled as G0, G1, and G2 for simplicity.

Figure 1.15 Conjugated organic dendrimers as 2PA materials136
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Results show that the 2PA cross-section of G0 (32 GM) increased by more than ten times
when compared to G1 (370 GM). On the other hand, the 2PA cross-section of G2 (840 GM)
increased only by two-fold when compared to G1. From the results it was concluded that the
2PA cross-section of the dendrimers depend on both the charge-transfer character within the
organic dendrimers and the π-conjugation length. A higher degree of charge-transfer induced
by strong electron donor and acceptor groups usually gives higher 2PA cross-sections.
A number of organic molecules including the ones discussed above with symmetric D-π-D,
dipolar (D--A), quadrupolar, octupolar, dendritic, cyclic architectures showed increases in
their 2PA cross-sections and have achieved good amount of success. The 2PA cross-sections
of organic chromophores are influenced by the conjugation length as well as the strength of
donor and acceptor units. However, continuous increase in the conjugation length eventually
leads to saturation of the 2PA cross-sections. In addition, it is difficult to increase the strength
of donor or acceptor alone to make dramatic improvements. Even though organic
chromophores have enjoyed great success as 2PA materials, synthetic complexity with
increased number of conjugation as well as other inherent disadvantages such as aggregation
at higher concentrations and lack of stability makes them less favorable for solid-state
preparations.
1.4.2 2PA properties of organometallic materials
In an effort to improve, the efficiency of 2PA materials, organometallic compounds137-146
based on platinum metal coordinated phenyl di-acetylenes have been studied extensively as
potential alternatives to organic materials. These systems provide interesting features because
of their additional desirable characteristics such as long-lived triplet state and NLO properties
in their solid-state. Nevertheless, organometallic compounds are difficult to synthesize and
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they have less photo and thermal stability, which make them difficult for use in two-photon
applications. In spite of these desirable characteristics both organics and organometallics
compounds face aggregation problem at higher concentrations. This effect deteriorates the
number of density when fabricating them into solid-state devices and shortens their lifetimes
as optical materials.147A number of other strategies have been considered to avoid
aggregation at higher concentrations such as packing of organic molecules on suitable
polymers and in core-shell nanoparticles.148 Even though the aggregation problem was
solved, it was difficult to satisfy both the aggregation problem and high number density at the
same time.148
1.4.3 2PA properties of semiconductor nanoparticles
Semiconductor nanomaterials were also considered as potential candidates for 2PA
applications due to their desirable optical properties for solid-state devices. Some research
was done on the use of semiconductor nanomaterials such as CdS,149,

150

CdSe,150 and

GaAs151-157 and metal nanostructures containing gold and silver nanoparticles for two-photon
applications.158-160 Despite encouraging results, research on the 2PA properties of metal and
semiconductor nanomaterials did not go far owing to the difficulties in synthesizing monodispersed nanoscale materials and the lack of improvement in their 2PA properties with the
size or shape. Thus, there is a constant need of alternative strategies, which can alleviate the
aforementioned drawbacks and enhance the 2PA cross-sections of materials.
1.5 Interfacial Charge Transfer Processes in Dye-Sensitized TiO2
While searching for new strategies for enhancing the 2PA cross-sections of materials, we
came across the literature of the dye-sensitized semiconductor nanoparticles that can be used
to increase the optical nonlinearities of materials. Before discussing how these were used to
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design 2PA materials, it is important to know the processes that we are referring. The
interfacial charge transfer process across surface-adsorbed species and on the TiO2 has been
the forefront of research in the field of dye-sensitized solar cells. Dye-sensitized solar
cells (DSSC) have attracted significant attention as low-cost alternatives to conventional
photovoltaic devices for the conversion of sunlight into electricity.161-164 In a typical DSSC set
up, a dye sensitizer anchored to the surface of a monolayer of TiO2 nanoparticles, absorbs the
solar radiation and transfers a photo-excited electron to the conduction band gap of TiO2. The
excited sensitizer then injects electrons into the conduction band of TiO2 while the oxidized
dye in the ground state is then neutralized by the I3/I- redox system to complete the electric
circuit and generate electricity.165 Scheme 1.2 shows a typical schematic representation of
dye-sensitized solar cells.

Scheme 1.2 Schematic representation of the charge flow and the energy levels of DSSC166
Important processes in a dye-sensitized solar cell are the interfacial electron transfer
processes of electron injection and charge recombination. To achieve greater solar cell
efficiency, it is necessary to have ultrafast electron injection and slow charge recombination.
Thus, the interfacial electron transfer (ET) across chromophore and TiO2 surface are actively
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investigated. Interfacial ET can be viewed as the extension of ET in homogeneous medium
incorporating the features of solid state to it. It involves the coupling of dense manifold of
highly delocalized electronic levels of the solid state to a discrete molecular state as well as
an abrupt change in the phase in the reaction coordinate. The basic theoretical framework for
unfolding the ET in the bulk solid/liquid interface was developed by Marcus 167, Gerischer168,
and Levich and Dogonadze169 in the early 1960s. For nanomaterials that are not in the
quantum-confined size regime, the electronic structure of the bulk semiconductor still applies,
but there is more significant contribution from surface defect states. For interfacial ET, one
needs to take into account the continuous bands in the solid as well as the distribution of trap
states,170 Scheme 1.3.
S+--e-CB

Potential Energy

S*--CB

ES*/S+- ECB

Nuclear coordinates
Scheme 1.3 Marcus plot of interfacial electron injection. ET occurs from a reactant state to a
continuum of product states, corresponding to different k states in the semiconductor. In the
non-adiabatic limit, the total rate is a sum of ET to all possible states167
When the chromophores interact with the surface of the semiconductor, there can be strong
interfacial electronic coupling, which can alter both the linear and nonlinear optical properties
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of chromophores. Also, it has been well reported that charge-transfer (CT) complexes form
between chromophores and semiconductor nanoparticles that can be used for two-photon and
NLO applications. Different CT interactions that are possible across molecule to TiO2 are the
molecule to band charge transfer or band to molecule charge transfer, Scheme 1.4. On photoexcitation of a molecular donor nanoparticle acceptor CT complex, an electron is transferred
from the donor chromophore to the acceptor with the formation of charge-separated species.
These new CT interactions can be termed molecule to semiconductor charge-transfer, which
can enhance the NLO properties.

Scheme 1.4 Cartoon diagram depicting interfacial charge transfer interaction across
molecule-semiconductor nanoparticle interface. Left part of the diagram shows the electronic
interaction at molecule-semiconductor interface showing band to oxidant charge-transfer
(BOCT) and reductant to band charge-transfer (RBCT)171
In addition, there are components of charge-transfer in dye-sensitized TiO2 that can generate
local surface electric fields at the interface. These local electric fields can influence the NLO
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properties of nearby chromophores. Therefore, complete understanding of the interfacial
charge-transfer processes and the local electric fields built at the interface will help design
efficient 2PA materials.
1.6 Research Approach
Using the literature of interfacial charge-transfer, we have designed a new approach to
enhance the 2PA properties of simple organic chromophores. Our approach is to use hybrid
organic/inorganic chromophore functionalized semiconductor nanoparticles as better 2PA
materials. The precedence for this work comes from a recent result from our research group
where the 2PA cross-sections of chromophores were enhanced when they are attached to
reactive semiconductor nanoparticles. Also, support for this approach came from the recent
studies which have shown the presence of electric fields at the interface of dye and TiO 2. In
addition, our results (discussed in chapters 3 and 4) have shown the presence of local electric
fields in dye-sensitized TiO2 nanoparticles. The local electric fields can contribute to the
change in dipole moment and thus can enhance the 2PA cross-sections of chromophores.
Thus, the objective of the thesis is to investigate the dynamics of interfacial charge-transfer
properties of novel dyes-sensitized TiO2 to confirm the presence of electric fields. Then,
design better 2PA materials with that approach by stationing chromophores appropriately on
the surface of semiconductor nanoparticles, Scheme 1.5. This research approach has the
following advantages: (i) It is possible to enhance the 2PA cross-sections of simple organic
chromophores, (ii) better solid-state functionality as the aggregation of the nanoparticles can
be controlled, (iii) possibility to achieve large 2PA cross-sections per nanoparticle as it is
possible to decorate one nanoparticle with more than hundreds of dye molecules and (iv)
finally, one can synergistically enhance the 2PA cross-sections with the phenomenon
described above.
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Scheme 1.5 Research approach to synergistically enhance the 2PA cross-sections of
chromophores by decorating them on reactive semiconductor nanoparticles
Thus, the overall research will focus on investigating charge-transfer, interfacial electronic
coupling and local surface electric fields generated between chromophores and
semiconductor with the ultimate goal of enhancing the 2PA properties of chromophores near
semiconductor surfaces.
How the 2PA cross-sections can be influenced at the interface of semiconductor nanoparticle
is discussed below.
1.6.1 What influences the 2PA properties of chromophores near semiconductor
nanoparticles?
As discussed above and from the simple interaction of light and matter, it can be shown that
the 2PA cross-section is proportional to the imaginary part of third order nonlinear
susceptibility.172-173 For example, in a simple two-state model based on sum-over states
formalism (SOS),174, 175 the two-state 2PA cross-section (

) is given by:

|⃗⃗⃗⃗⃗⃗⃗ | |⃗⃗⃗⃗⃗⃗⃗⃗⃗ |

1.1

where, ⃗⃗⃗⃗⃗⃗⃗ is the transition dipole moment vector between the ground state (g) and the
excited state (e), ⃗⃗⃗⃗⃗⃗⃗⃗⃗ the difference between the permanent dipole moments in the ground
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and excited state and
shape function,

is the angle between these two vectors,

is the refractive index, the speed of light,

is the local field factor (optical) given by

is the normalized line
is the Planck’s constant, and

.

It can be seen that the 2PA cross-section of chromophore is proportional to the square of
change in dipole moment and change in permanent dipole moment. The local electric fields
of chromophores attached to semiconductor nanoparticles contribute to change in dipole
moment via an increase in induced dipole moment. Thus, any process or phenomenon that
can increase these two parameters will enhance the 2PA cross-sections. In the case of
chromophores near reactive semiconductor nanoparticles, interfacial electron transfer is
inevitable due to efficient coupling of the molecular excited state with the continuum of the
conduction band in the semiconductor.176-197 It has been shown for the case of dye-sensitized
TiO2 nanoparticles that electron transfer from the chromophore to TiO2 can take place both
adiabatically and non-adiabatically.198-201 In the case of adiabatic electron transfer, there is
significant mixing of electronic energy levels of the molecular excited state and the
conduction band continuum. This results in the change of the absorption energy and the
change in dipole moment of the excited state, thereby altering the ⃗⃗⃗⃗⃗⃗⃗⃗⃗ of the chromophores,
which is a crucial parameter to enhance the 2PA cross-sections.
Another important factor is the creation of local nano-scopic electric fields via interfacial
dipoles that are generated because of the partial charge transfer from chromophores to
TiO2.202-208 Scheme 1.6 shows a cartoon diagram depicting the electric fields that were created
at the interface of chromophores and TiO2 because of partial charge transfer.
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Scheme 1.6 Depicts that the interfacial dipole moment changes is a consequence of this
partial charge transfer from chromophores to TiO2. In addition, the collective contribution of
the charge transfer dipoles causes large electric field at the interface and will decay
exponentially away from the surface of TiO2.
The charge-transfer complex between molecule and semiconductor gives rise to resonant
states in the band gap and the partial charge-transfer in this system can be as high as 30%
even at steady-state conditions without photo-excitation. Even if there is no distinct chargetransfer complex absorption in the visible region, it is conceivable that an interface dipole
does exist in chromophores that interact with semiconductor nanoparticles as there is a
difference between ionization and electron affinity potentials. However, as the electric field
originates at the interface, it naturally falls off quickly with the distance from the interface.
Also, whenever there is an interfacial electron transfer event, a variation of the electric field
transpires for the chromophore on the surface, since the event of electron transfer is faster
than nuclear equilibration. However, for electron transfer processes in solution, such charges
are screened very effectively by polar solvents. Such screening is not efficient for
chromophores on the surface and thus creates a local electric field.180 The generated electric
field then can induce additional electric field normal to the semiconductor surface (E z). This
induced electric field will increase the ⃗⃗⃗⃗⃗⃗⃗⃗⃗ and will result in 2PA cross-section enhancement
of chromophores. Recently, local surface electric fields were observed for dye-sensitized
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TiO2 nanoparticle systems using photoinduced absorption,202-203 nanosecond transient
absorption,204-208 and electro-absorption measurements.205-210 However, it is important to
understand how these local electric fields can influence the 2PA cross-sections.
1.6.2 How local electric fields enhance the 2PA cross-sections of attached
chromophores?
Recently, Rebane and co-workers 211-213 have shown that the local electric fields generated at
interfaces can have marked influence on the 2PA cross-sections with their work on
fluorescent proteins.211The effect of the local electric field on the 2PA cross-sections of
chromophores can be understood from the above equation. From equation 1.1, it is clear that
the 2PA cross-section (δ) is proportional to both |Mge|2 and |Δge|2. The local electric field can
influence both of these parameters either directly or indirectly. The consequence of this is that
δ can be sensitive to the local electric field of the chromophore, which is mainly dominated
by the charge-transfer interactions on the surface of the nanoparticle. In most cases, the
chromophores that are investigated for 2PA applications possess permanent dipole moments
(ge = g – e ≠ 0) and labile -electron systems. One interesting property of π-systems is that
their charge density easily redistributes upon application of an external electric field E, thus
resulting in an additional induced component of the dipole moment ind. This induced portion
of the dipole is related to the electric field through the polarizability coefficient ( :ind = E).
If the polarizabilities in the ground ( g) and excited ( e) states are different, the induced
dipole moment change (Δgeind) will contribute to the total change of dipole moment
(

):214

1.2
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where 0ge corresponds to the permanent dipole moment change in the zero field situation,
Δ

=

e

-

g

is the change in polarizability between ground and excited states. This

dependence makes Δge very sensitive to the local surface electric field (E) on the
nanoparticles. This mechanism of local field induced increase in Δge on the surface of
nanoparticle makes strong predictions for creating better 2PA materials. It is also recently
reported that the local electric fields can enhance the Mge of some coumarin based dye
molecules215 in addition to the Δge. Thus, the local electric fields can influence both Mge
and Δge and thereby enhance the 2PA cross-sections to large values.
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1.7 Summary
 The interaction of electromagnetic radiation with matter under greater intensity of
light leads to non-linear optical phenomenon with applications in both fundamental
science and industry.
 One of the important non-linear optical effects is that of two-photon absorption
(2PA), which is the simultaneous absorption of two-photons by an atom or molecule
from ground state to excite state with energy comparable to that of a one photon
process.
 The salient features of 2PA are the quadratic dependence on the intensity of light,
greater penetration depth, lower scattering, and smaller background noise. These
features make it important for applications in 3D micro-fabrication, optical power
limiting, multi-photon microscopy, photodynamic therapy and sensing etc.
 Materials with large 2PA cross-section are needed for these applications to become
industrially available. Several strategies are employed in literature to obtain materials
with large 2PA cross-sections with decent success.
 The strategy that is employed in this dissertation is that of the chromophores at
semiconductor interfaces to achieve synergistic 2PA enhancement. This approach has
support from the interfacial charge-transfer interactions and the possibility of local
electric fields at chromophore-functionalized semiconductor nanoparticles.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
This chapter discusses some of the major experimental techniques used for studying linear
and non-linear optical (NLO) properties of materials. The discussion begins with lasers and
their fascinating capability as high intensity light source for studying non-linear optical
phenomena in both academic research and industry.
2.1 Lasers
2.1.1 The choice of light source for studying NLO processes
The word laser is an acronym and it stands for Light Amplification by the Stimulated
Emission of Radiation (LASER). Lasers are very intense light sources with unique optical
properties that are desirable for studying NLO property in materials. In NLO materials, a
non-linear polarization is attained because of an application of an intense laser source. In fact,
the first non-linear optical phenomenon was the demonstration of second harmonic
generation (SHG) in a quartz sample using an intense source from a ruby laser. 1 A high
intensity laser source is generated using a pulsed laser, which is capable of concentrating a
large number of photons per unit volume. Thus, high intensity pulsed lasers are usually used
for studying non-linear optical property of materials. Pulsed lasers provide highly intense,
focused, and coherent light and are therefore ideal for studying non-linear optical phenomena.
2.1.2 Basic components of a laser
A typical laser consists of three major components. An optical resonator (optical cavity), a
gain medium and a pump source to excite the particles in the gain medium.3 The optical
resonator consists of two highly reflective mirrors for bouncing the light back and forth
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resonantly. The mirrors are designed in the form of curves in order to accelerate a resonant
optical mode, which ultimately give a constructive laser output. One of the end mirrors called
an output coupler is made up of a partially reflective material so that a fraction of the light is
transmitted to give the required laser output, as shown in Figure 2.1. The gain medium
contains an active particle within the resonator and its function is to amplify light via
stimulated emission. Therefore, only the light that bounces back and forth inside an optical
resonator is amplified several times in the gain medium to give an intense laser output.
Interestingly, the amplified light conserves the phase and direction to yield coherent and
directional laser output. In order to achieve high intensity, coherent and directional laser
output, the active particles in the gain medium must be in a state of population inversion. To
reach this state pumping mechanism is required, which lifts them into the required energy
state. Some of the common pumping mechanisms are realized using electrical current or
optical pumping system from a flash lamp or another laser.

Figure 2.1 Basic components of a laser: An optical resonator formed by a couple of mirrors,
a gain medium, and a pump energy source (e.g., a spark, high‐intensity flash lamp, radio
frequency current)3
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2.1.3 Properties of laser light
2.1.3.1 Monochromatic light
Monochromaticity is an extremely pure light of single wavelength of very narrow bandwidth
compared to conventional light sources, which consists of a combination of several
wavelengths.4 It is a unique characteristic of a laser light. Nevertheless, lasers are not
perfectly monochromatic but have the ability to emit a narrow bandwidth around a single,
central wavelength. The monochromaticity in lasers is inversely proportional to the line width
and depends on the nature of the source and gain mechanism employed. For gas lasers, the
frequency bandwidth ranges from ∆ν = 500 Hz (∆λ=10-11 at λ = 600 nm) and to more than 1
GHz (∆λ=10-6) for solid-state lasers. Conventional He-Ne lasers have ∆ν = 1500 Hz, which
implies a wavelength of 632.8 nm and wavelength bandwidth of 0.01 nm.
This fascinating property of narrow bandwidth arises when an electromagnetic field
corresponding to the gap between energy levels of the material involved in lasing is
amplified. Then, the resonant cavity oscillates when its frequency reaches the resonant
frequency of the lasing levels to give a narrow line width of specific wavelength.
2.1.3.2 Coherence
A light is coherent if all types of electromagnetic waves are in phase. Two emitted photons
are in phase when the crest or the trough of the wave associated with one photon occurs at the
same time as on the wave associated with the other photon.5, 6 Figure 2.2b shows an example
of a coherent light, where by all the individual waves are in phase with one another at every
point. Coherence is the fundamental property of a laser light. There are two independent
forms of coherent light called spatial and temporal coherence.
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Figure 2.2 Coherent and incoherent light waves (a) The waves do not have any fixed
relationship with each other (incoherent) (b) All the individual waves are in phase, with one
another at every point (coherent)5
2.1.3.3 Directionality
Directionality is the characteristic of laser light that causes it to propagate in a single direction
of perfect collimation.7All conventional light sources used in spectroscopy contain optical
materials that emit light in all directions and diverges appreciably. In contrast, laser light
sources emit light that only diverges slightly with distance owing to spatial coherence of the
laser output. Therefore, laser sources are diffraction limited. Only those electromagnetic
waves that propagate parallel to the resonant cavity are amplified in the gain medium to
produce laser of near perfect collimation. Collimated laser beams give a highly efficient
power density and when correctly focused they can provide a much smaller spot size than
ordinary light sources.
2.1.3.4. Short time duration
Short time duration (fast laser pulse) is another very important property of a laser light. It
provides a higher intensity and a short lifetime laser operation, which are highly needed for
studying nonlinear optics. It refers to the time duration between two consecutive pulses that
are separated by time windows of few nanoseconds (ns) to femtoseconds (fs).6 An extremely
fast laser pulse can be achieved using several techniques (modes) such as normal pulsed, Q-
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switching, cavity dumping, and mode-locking. Throughout this dissertation, mode-locking
technique is used for generating fast pulses and the theory and mathematical interpretation
behind it, is discussed below.
Mode-locking is an optical technique of producing short light pulses, which are as fast as
nanoseconds (ns) to femtoseconds (fs) time scale.6 The main function of the technique is to
give constant phase correlation between several modes generated within the resonant cavity.
Thus, the term mode-locking refers to phase locking. During the mode-locking process,
several frequencies are generated within the resonant cavity because of the emission from the
active medium spreading over few wavelengths resulting in a band instead of a line width.
The extent of locking of different longitudinal modes controls the pulse duration of the laser.
Fast laser pulses are very important for studying materials, which require high intensity laser
sources and short lifetime probing.
A laser is in a state of mode-locked if the longitudinal modes have a well-defined and fixed
phase relationship. In order to understand how the technique works, it is helpful to derive the
mathematical expression of mode-locking process. Let’s consider mode-locking in which all
the oscillating modes resonate at equal amplitude inside the resonating cavity.6, 8 According
to figure 2.3(a), E0 refer to equal amplitude, ω0 is the central frequency, ω is the change in
frequency between successive modes, and N is the number of modes involved.

(a)

(b)

Figure 2.3 Mode-locked output (a) modes oscillating at equal amplitude (b) pulse width8
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The electromagnetic field resulting due to 2n+1 equally spaced modes with the same
amplitude E0 is given by:8

where



[

∑

]

2.1

is the frequency of the central mode,  is the

is the amplitude of the qth mode,

angular frequency spacing between modes, and

is the phase of the qth mode. The above

equation corresponds to summation of all possible modes involved. In the case of equal
amplitudes (E0) and locked phases where by the phase of the successive modes remains
constant (

= constant), the equation reduces to:


∑

2.2

equation 2.2 can be written as
2.3
where, A(t) is given by:


∑

2.4

Because, q varies from -n to n, the summation at the right side of equation 2.4 contains a


geometrical progression with a ratio equal to

Therefore, the sum can be expressed in

another form where by the intensity is given as a function of time.


I(t) =  [A(t)]2 =
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2.5

From equation 2.5, it is evident that the equation corresponds to a periodic function in which
strong peaks emerge in equally spaced manner while very weak noisy peaks appear in
between, Figure 2.4a. The time spacing between the pulses or the period (T) is given by
2  and the pulse duration t can be approximated to 2



= 1/, where 

is a full width of the generation band. Therefore, as the number of mode increases, the pulse
duration decreases while the amplitude increases. Therefore, different types of lasers sources
can be used depending on the pulse duration and amplitude required.
In cases where there is a continuum of oscillating modes instead of equal amplitude
distribution, there will be a very large number of closely spaced oscillating modes and their
amplitude distribution usually follows a Gaussian-like profile, Figure 2.4b.

(a)

(b)

Figure 2.4 Mode-locked output of modes oscillating at different amplitude (a) Gaussian pulse
laser output (b) Gaussian mode-locked approximation6, 8
In this case the expression for A(t) (see equation 2.4) must be written as:


∑

2.6

Because, the amplitude is varying, the above equation can be treated using integration and the
limits may be taken to be infinity if the amplitude En is approximately zero in the limits.
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∫

dq

2.7

Equation 2.7 signifies an integral of a Fourier transform function. Therefore, in the time
domain, the amplitude of a multi-mode output is given by the transform of the amplitude
distribution of modes in the frequency domain. For instance, the mode-locking of a
continuum of oscillating modes with a Gaussian distribution of amplitude will result in
Gaussian pulses, Figure 4a:

I(t) =  [A(t)]2  exp

( )

2.8

From equation 2.8, the duration of the half-height of such pulses is given by:



=

=



2.9



The above expression is very important because it relates 

to . Interestingly the value of

 can be calculated using another spectral formula:
 =

where



2.10

the wavelength at maximum amplitude or intensity,  is the full width at half-

maximum (FWHM) and c is the speed of light in nm/second (3 x 1017 nm/s). For example, for
a particular laser system, if a spectral bandwidth 

is equal to 40 nm with

of 800 nm,

the value of  can be calculated to be 1.875 x 1013 s. This corresponds to a Gaussian pulse
with pulse duration of (

 23.5 fs.
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2.2 Steady-State Measurements
Optical absorption and fluorescence measurements are widely used spectrophotometric
methods for investigating the ground state absorption and excited state fluorescence
processes, respectively. Much of the characterization of molecules arises due to the
interaction of light with matter giving a characteristic absorption and emission spectrum.
Both techniques are frequently used as methods of choice for quantitative analysis of various
colored compounds.
2.2.1 Optical absorption measurements
Optical absorption spectroscopy is a widely used technique for investigating the nature of the
ground state of the absorbing species.9, 10 Characterization and identification of molecules
using optical absorption spectroscopy depends on the electronic structure and environment of
the absorbing species. The presence of specific functional groups, π-conjugation, solvent
polarity and the overall electronic structure of a molecule are responsible for the shape of the
resulting absorption spectrum. For example, changes in the solvent polarity in which the
molecule dissolves often induces a shift in the absorption spectrum. Thus, optical absorption
measurement is routinely used to understand charge-transfer interactions in the ground state.
The absorbance (A) of an absorbing species with a concentration (C) and a molar extinction
coefficient ( ), is given by:

I 
A  log 0    Cl
I 

2.11

where, I0 and I are the intensities of the incident and transmitted light, respectively and l is the
path length of the light beam passing through the sample contained in a cuvette. In this
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research, absorption measurements were carried out using a Shimadzu UV 2101 PC
absorption spectrometer.
2.2.2 Fluorescence measurements
Fluorescence occurs when a molecule absorbs light of a certain wavelength while in the
ground state to bring it to the excited state (excitation) and then emits the light (emission)
while returning to its original state.9, 10 Fluorescence combines both effects of absorption and
emission. It is a very sensitive technique used to characterize the relationship between
absorbed and emitted photons within the specified working wavelengths. Almost all atoms
and molecules absorb energy, which causes excitation of electrons bound in the molecule or
valence electrons on atoms. Transitions to the excited state occur when the absorbed energy
matches to the difference between the energy of the ground state and the excited state (energy
gap). The change in energy between these two levels remains constant and is characteristic of
the molecular structure or atomic electronic configuration. Under appropriate conditions, an
excited molecule will return to ground state by emission of energy in the form of heat and
photons. Usually, the emission energy or wavelength of these photons is also equivalent to
the difference between two discrete energy states. However, some energy of the molecule is
lost while in the excited state through heat, and the emitted energy is less than the exciting
energy. Therefore, quantification of fluorescent compounds is obtained using spectral
properties of both excitation and emission peaks, Figure 2.5. The difference between the
excitation and emission wavelength maxima’s is the Stokes’ shift (, cm-1) and is given by:


where,

abs (max)

and

em (max)

[

]

[

]

2.12

represent the maximum absorbance and emission given in cm-1

respectively. Figure 2.6 shows typical excitation and emission spectra of an imaginary
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molecule. The excitation spectrum is determined by fixing the emission intensity at a fixed
wavelength (maximum), while varying the excitation wavelength. Conversely, the emission
spectrum is determined by fixing the excitation wavelength while varying the emission
intensity wavelength.

Figure 2.5 Absorption and emission spectra showing the Stokes’ shift
In this research, fluorescence measurements were carried out using an Edinburgh
spectrofluorometer.
2.2.3 Fluorescence quantum yield measurements
Fluorescence spectroscopy is an important analytical technique for measuring fluorescence
parameters of a molecule in a given medium.10 The intensity of the fluorescence of any
molecule depends on the ability of that molecule to convert a number of its absorbed photons
because of excitation into emitted photons or fluorescence. The ratio of the number of
photons emitted to the number of photons absorbed is called the quantum yield of
fluorescence (y).10, 11 The quantum yield of any fluorescent molecule is less that unity and it
can only be determined experimentally.
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The fluorescence quantum yield of any unknown sample can be calculated from experimental
results of a relative technique. Fluorescence quantum yield of a sample (s) can be
determined with respect to the fluorescence quantum yield of a reference (r) solution using
the following equation:11
∫
∫

s = r (

̅
̅

̅
)(
̅

)( )

2.13

where,

s = Fluorescence quantum yield of the sample
r = Fluorescence quantum yield of the reference
∫

̅

̅ = Area under the fluorescence emission curve for the sample

∫

̅

̅

Area under the fluorescence emission curve for the reference

= Absorbance of the reference
= Absorbance of the sample
= Refractive index of the solvent used for the sample
= Refractive index of the solvent used for the reference
The fluorescence quantum yield of a sample is measured in dilute solutions in order to avoid
scattering influence on absorption and fluorescence measurements. For quantum yield
calculations, the concentration of the solutions is diluted so that optical density or absorbance
of the solutions does not exceed 0.1 (

< 0.1). The fluorescence quantum yields

of the investigated molecules were measured using the relative technique approach according
to equation 2.13. Coumarin 485 with known fluorescence quantum yield (R) in methanol
was used as a reference solution unless otherwise stated.
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2.2.4 Experimental techniques for 2PA cross-sections
As discussed in chapter 1, the 2PA behavior of a material is experimentally quantified and
that several structure-property parameters exist for enhancing the 2PA cross-section such as
donor/acceptor strength, π-conjugation, symmetry etc. Those parameters have a significant
influence on the value of 2PA cross-section () of a material. Similarly, the experimental
techniques used for measuring the 2PA behavior strongly affect the value of 2PA crosssection because of the complexity of lasers with a variety of parameters to control.
The two major and direct way of measuring 2PA cross-section are the Z-scan and the twophoton excited fluorescence (TPEF) techniques.11,12 In this dissertation, only the TPEF
method was employed and is discussed below.
Two-Photon Excited Fluorescence (TPEF) method was first reported by Xu and Webb in
1990.13 Direct measurement of 2PA cross-section using this method is usually difficult
because only a small fraction of photons is absorbed during excitation with two-photons.
Therefore, TPEF is an alternative approach for determining the 2PA cross-section and it is
functional if the material under investigation is highly fluorescent and good fluorescence
quantum efficiency. Because, fluorescence quantum yield is an intrinsic property of
materials, only fluorescent materials are studied using TPEF technique. The fluorescence
quantum yield of a sample and the efficiency of the fluorescence detection can be calibrated
reasonably by comparing the fluorescence intensities of one and two-photon excitations.
Kaiser and Garrett14 reported their 2PA results by monitoring the fluorescence of a CaF2:Eu2+
crystal as a function of laser output intensity (power) used for excitation. The two-photon
excited fluorescence intensity is directly proportional to the square of the incident intensity,
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Figure 2.6. The slope in Figure 2.6 is close to 2.0, which is an indication that the molecule
undergoes absorption of two-photons to take it to the excited state.
6

y = 1.998x + 5.2364
R² = 0.9999
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Figure 2.6 Quadratic dependence of fluorescence intensity and laser power output
This proves that the molecule absorbs two photons and that absorption due to one photon is
minimal. The value of the y-intercept is one of many parameters used to calculate the 2PA
cross-section.13 From the y-intercept value obtained in Figure 2.7, the 2PA cross-section (δ)
can be calculated by filling in the values of the rest of the parameters as shown in equation
2.14:

gp
1
log F (t )  2 log p(t )  log cn

2
 f
where,
F(t) = TPEF photons collected per unit time
η = Fluorescence quantum yield
δ = 2PA Cross-section
c = concentration of the molecule
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2.14

n = refractive index of the solvent
gp = shape factor
λ = wavelength (nm)
f = frequency of laser source
τ = pulse duration
φ = collection efficiency
<P(t)> = Input Intensity
Rebane et al.14 recently reported absolute 2PA cross-sections for more than fifteen
commercially available dyes, that are currently utilized as laser dyes and 2PA standards for
TPEF method. TPEF experiments require the use of pulsed lasers so that the intensity of the
TPEF signal increases with the square of the laser intensity. The schematic representation of
TPEF laser used for the intended work is shown in Figure 2.7.

Figure 2.7 A schematic representation of TPEF laser set-up used in our laboratory15
Fluorescence measurements were carried out using Edinburgh F900 spectrofluorometer. The
quantum yields of the molecules were measured using a known procedure and coumarin 485
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in methanol was used as 2PA standard. To measure 2PA cross-sections (δ), TPEF method has
been employed.13, 14 A 10-4 M coumarin 485 solution in methanol was used in most cases as
the reference over a wavelength range of 720 nm - 900 nm with the cross-sections of the
standard reported earlier (0.16).14 A broadband Ti:Sapphire oscillator (Tsunami, Spectra
Physics) was utilized as a source of pulsed laser. Neutral density filter in the form of a
rotating chopper of varied light transparency gave the necessary power-dependent
fluorescence intensity measurements. All the investigated chromophore-functionalized
semiconductor nanoparticles gave a slope of 2.0 in power-dependent fluorescence
measurements, indicating they were indeed two-photon absorption events. To avoid any
ambiguity, dye to nanoparticle concentration ratio was kept constant when conducting
fluorescence quantum yield and 2PA cross-section measurements.
2.3 Time-Resolved Spectroscopic Techniques
Time-resolved optical spectroscopic techniques are widely used for investigating the excited
state behavior and fluorescence dynamics of chromophores and their interaction on
interfaces. Below, we discuss briefly some of the time-resolved spectroscopic techniques
used in this dissertation to study excited state absorption and fluorescence dynamics as well
as charge-transfer, electron-transfer, electron-injection and charge recombination processes.
2.3.1 Time-correlated single photon counting
The fluorescence lifetime is defined as the average time a molecule spends in the excited state
prior to return to ground state. One of the most commonly adopted time-resolved
fluorescence lifetime measurement is Time-Correlated Single Photon Counting (TCSPC)
technique.16-19 TCSPC determines the fluorescence lifetimes of a fluorescent organic
chromophore mainly with a time resolution of 200 ps. In principle, the technique involves the
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excitation of the sample with pulses from a laser and the detection system monitors the time
difference between the excitation pulse and the first fluorescence photon from the sample.
Therefore, it is highly required that the measurement detects, with high degree of accuracy,
one photon for a large number of excitation pulses and neglect detection of several other
photons. Thus, an extremely low count rate must be established so that the system operates in
a single photon-counting mode. The result is the distribution of photon probability with time
follows a statistical Poisson distribution and a true time-resolved emission profile is retrieved
using software contained in the computer, Figure 2.8. The actual lifetime of the resulting
emission, which is free of background noise can then be obtained by deconvoluting the
emission against the instrument response function (IRF). The IRF is measured using a
scatterer typical of a turbid solvent solution in place of the sample.

Figure 2.8 Principles of TCSPC20
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The width of IRF function depends on the excitation source, frequency and type of detection
systems used for the study. If light from the laser is used as an excitation source, the
measurements will be performed by keeping the excitation polarizer at vertical position and
the emission polarizer at magic angle (54.7°) relative to the excitation polarizer. The
fluorescence collected at magic angle with respect to the excitation polarization should be
free from any anisotropy components and must represent true fluorescence intensity decay. In
order to remove scattering effect (from excitation source or stray light) at the sample cell
from entering the monochromator, cut-off filters are inserted before the focusing lens. The
obtained decay curves are fit to single or multi exponential functions depending on the profile
of the fluorescence decay according to equation 2.15:21, 22

I t   
n

i 1

where,

and

ie

t /

i

2.15

are the emission lifetimes and pre-exponential factor of the ith component,

respectively. To obtain the pre-exponential factor and actual time constants deconvolution
method is used. Moreover, the quality of the fit was judged by the reduced χ2 value and must
be close to 1.0 in order to have a true lifetime measurements.
For the set-up used in our lab a portable diode laser of 370 nm light output is employed as an
excitation pulse. The diode laser is directly connected to a fluorometer and the radiation is
focused on the sample cell using a planoconvex lens. The resulting fluorescence photons are
collected in a perpendicular direction with respect to excitation in order to avoid noise due to
370 nm radiation. A collection lens then directs the beam into the entrance of a
monochromator in order to separate fluorescence from excitation. The fluorescence is then
detected by the stop PMT, which is connected to a photon-counting module that controls the
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multichannel analyzer (MCA) and other electronic modules of the experiment. Using
software (Fluorofit®), the decay profile obtained can be fitted with the exponentials and
fluorescence lifetime of a sample is obtained from the best fit.
2.3.2 Ultrafast transient absorption spectroscopy
Transient absorption (TA) is a powerful technique for investigating the excited state
dynamics of molecules in the range of picoseconds to femtoseconds.23 In transient absorption
spectroscopy, also called pump-probe spectroscopy, a fraction of the molecule is promoted to
the first excited state by means of a single-photon excitation or pump pulse. After excitation,
the sample is subjected to a weak probe interaction with a delay time τ relative to the pump
pulse. In the process, it is possible to calculate a change in absorption spectrum (A) by
subtracting the absorption spectrum of the sample in the ground state from the absorption
spectrum of the excited sample. If a change is made in delay time between the pump and
probe, and a change in A is recorded for each of those time delays, A as a function of time
(t) and wavelength ( ) can be obtained. Therefore, the obtained spectrum can be expressed in
three-dimensional view from which several spectra can be retrieved. Figure 2.9 shows the
schematic representation of the principle of transient absorption. As a result, transient
absorption spectroscopy contains a wealth of information on the dynamics of processes such
as excited state charge transfer, electron transfer, proton transfer, cis-trans isomerization,
nature of radicals etc. Unlike time-resolved fluorescence, time-resolved absorption
spectroscopy can investigate the excited state dynamics of non-fluorescent organic
chromosphores making it even highly applicable in photosynthetic systems.
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Figure 2.9 Principles of transient absorption spectroscopy
Interpretation of transient absorption spectrum is quite challenging owing to several
contributions of the A in processes. Here, we discuss some of the well-known and relevant
contributions of the A spectrum. Figure 2.10 shows some of the common transitions that
can contribute to the A spectrum.

Figure 2.10 Schematic interpretation of the principle of transient absorption23
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The first contribution refers to ground-state bleach (depopulation of the ground state because
of excited state absorption) and can be explained by the absence or presence of an excitation
pump. When a fraction of the molecules has been promoted to the excited state because of an
application of the pump pulse, the population of molecules in the ground state decreases. At
this point, the ground-state absorption is less relative to the absence of pump or excitation.
The result is a negative signal in the A spectrum and is most probably observed at the
ground-state absorption maximum.
The second contribution refers to stimulated emission, which can be explained when there is
no absorption of probe before pumping. In the absence of probe absorption and upon
pumping, molecules that are excited to the first excited state, interact with the probe in a
process called stimulated emission. Note that, the probe photons are not absorbed in this case
but emitted by the molecules in the excited state. Because the intensity of the probe pulse is
so weak, the excited-state population is not affected significantly. Hence, the stimulated
emission yields a negative A as well.
The third contribution refers to excited state absorption and can be explained using an
assumption. If we assume that the molecule under investigation does not absorb any probe
wavelength in the absence of a pump beam, the absorbance remains zero. There is a
possibility that upon an application of a pump beam, the ground-state molecule absorb
appreciably less number of photons as compared to probe absorption of the first excited state
molecules. Thus, A remains positive and the photons absorbed by the molecule are utilized
to promote it from its first excited state to higher excited states. A positive signal is an
indication of excited state absorption (ESA), a term that explains well the fate of molecules in
the excited state.
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All the above contributions provide important information. The three-dimensional plot
obtained from transient absorption measurements indicates the change in absorbance at
various wavelengths as a function of time. A lot of information can be extracted from this
three-dimensional excited state absorption plot, such as the kinetics of the signals at the
desired wavelength of choice, the change in A at selected delay times, and the identity of
excited state levels. For example, Figure 2.11 shows a typical excited state absorption of CTCA sample in methanol and tells the relationship between the change in A and the
wavelength at selected delay times (100 fs to 5 ps). Thus, a number of spectrum can be drawn
from the result.
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Figure 2.11 Excited state absorption of CT-CA in methanol
It is also possible to monitor non-radioactive transitions such as singlet to triplet transitions,
vibrational relaxation, and bleach recovery of the ground state as well as Stark effects
generated at interfaces.
In this dissertation, femtosecond transient absorption measurements were carried out with the
help of Dr. Gary Wiederrecht, Center for Nanoscale Materials, Argonne National
Laboratory.24 Briefly, a Spectra Physics Tsunami Ti:sapphire 75 MHz oscillator was used to
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seed a 1.66 KHz Spectraphysics Spit-Fire Pro regenerative ampliﬁer with 100 fs pulse width.
95% of the output from the ampliﬁer is used to pump a TOPAS optical parametric ampliﬁer,
which is used to provide the pump beam in the Helios transient absorption set-up (Ultrafast
Systems Inc.). The remaining 5% of the ampliﬁer is focused onto a sapphire crystal to create
a white-light continuum that serves as the probe beam in our measurements (430 to 780 nm).
The pump beam was depolarized and chopped at 833 Hz, and both pump and probe beams
were overlapped in the sample. Samples were measured in a 2 mm quartz cuvette and also on
thin films that were moved periodically with a stepper motor. Little degradation of the
samples was observed after the measurements.
2.3.3 Fluorescence upconversion
Fluorescence upconversion (also called fluorescence sum frequency generation) involves the
frequency mixing of incoherent fluorescence with another probe laser pulse in a non-linear
optical crystal.25-27 Fluorescence upconversion can measure time-resolved fluorescence
transients with a time resolution in the femtosecond time range. Figure 2.12 shows a block
diagram of fluorescence upconversion technique.

Figure 2.12 Schematic diagram of fluorescence upconversion technique
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In fluorescence up-conversion, the up-converted signal is obtained by mixing the frequencies
of the incoherent fluorescence and a gating laser pulse in a non-linear BBO crystal. The time
resolution of the signal is controlled by delaying the probe pulse relative to the excitation
pulse, using mechanically operated optical delay stage. For the duration of the gate beam, a
sum-frequency signal is generated at the crystal, which is then collected and dispersed by a
monochromator before reaching the detection system of a photomultiplier tube. Therefore, by
delaying the gating pulse with an optical delay line, with respect to the fluorescence beam,
the fluorescence can be detected time-resolved.
The up-conversion signal, which is created in the BBO crystal, has a photon frequency given
by:
sum

=

laser

implying,

where,

sum

+

2.16

fl

+

2.17

is the wavelength of the resulting sum-frequency signal,

wavelength from the laser and

fl

laser

is the fundamental

is the wavelength of the fluorescence signal.

The intensity of the sum-frequency signal (Isum) or the upconverted signal is given as:
Isum (τ) = ∫

(t-τ)dt

2.18

where τ is the time delay between the fluorescence and the gating pulse and t is the lifetime.
The fluorescence up-conversion set-up in our lab is similar to those described elsewhere.28, 29
Briefly, the system used frequency doubled light from a mode-locked broad band Ti-Sapphire
laser (Tsunami, 800 nm) as the excitation source and the residual fundamental is used as the
gate pulse. The excitation of the sample at 400 nm leads to fluorescence from the sample,
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which was upconverted in a nonlinear crystal of β-barium borate (BBO) using a gate pulse at
800 nm, which first passed through a variable delay line. The instrument response function
(IRF) was obtained using Raman scattering from water. Fitting the Gaussian peak from the
Raman scattering yielded a sigma value of ∼120 fs and a Full Width Half Maximum
(FWHM) of ∼280 fs. Spectral resolution was achieved using a double monochromator and a
photomultiplier tube. The sample was continuously rotated with a rotating cell that is 1 mm
thick to avoid degradation. Thin film upconversion measurements were carried out in the
same rotating cell that was used for solution phase measurements, except that the dye solution
was replaced with an optically transparent dye coated thin film. The excitation power was
decreased for carrying out thin film upconversion measurements. The photobleaching of the
dye coated thin films was found to be negligible.
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2.4 Summary



A high intensity laser source is a requirement for studying non-linear optical property
of materials because of its unique properties.



Steady-state optical and fluorescence measurements are useful for studying electronic
interaction of materials and estimating the charge-transfer complexation.



The 2PA cross-section is measured using a relative technique of two-photon excited
fluorescence (TPEF).



Femtosecond fluorescence upconversion is used to measure the excited state lifetimes
of the systems with 150 fs time resolution while time-correlated single-photon
counting is used to measure nanosecond fluorescence lifetimes.



Excited state and charge-transfer dynamics at the interface of chromophore and
semiconductor is quantified with ultrafast transient absorption technique detecting in
the visible region.

74

2.5 References
1. Franken, P. A.; Hill, A. C.; Peters, C. W.; Bond, W.; Garrett, C. G. B.; Kaiser, W.
Phys. Rev. Lett. 1960, 5, 303-.
2. http://www.csir.co.za/lasers/basics_of_lasers.html
3. Pedro, A. Quinto‐Su, Venugopalan, V. Laser Microbeam and Medical Program
Beckman Laser Institute, University of California, Irvine, California 92612.
4. Asibu, K. Principles of laser material processing, John Wiley & Sons, Inc., 2009.
5. http://www.worldoflasers.com/laserproperties.htm
6. Svelto, O.; Hanna, D. C. Principles of Lasers, Plenum Press, 1989.
7. http://www.mrl.columbia.edu/ntm/level1/ch02/html/l1c02s02.html
8. www.df.unipi.it/~fisapp/Gruppi/Metrologia/spiegazioni/boris.pdf
9. Rohatgi-Mukherjee, K. K. Fundamentals of Photochemistry, Wiley Eastern Ltd.
India, 1986.
10. Birks, J. B. Photophysics of Aromatic Molecules, Wiley Interscience, New York,
1970.
11. Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer
Academic/Plenum Publisher: New York, 1999.
12. Xu, C.; Webb, W. W. J. Opt. Soc. Am. B. 1996, 13, 481.
13. Kaiser, W.; Garrett, C. G. B. Phys. Rev. Lett. 1961, 7, 229.
14. Nikolay, S. M.; Drobizhev, M.; Rebane, A. OPTICS EXPRESS. 2008, 16.
15. Varaganti, S.; Gessesse, M; Obare, S; Ramakrishna, G. Proc. of SPIE Vol. 7413
741309-1.
16. O'Connor, D. V.; and Phillips, D. Time Correlated Single Photon Counting,
Academic Press, New York, 1984.

75

17. Demas, J. N. Excited State Life Time Measurements Academic Press, New York,
1983.
18. Ware, W. R. Creation and Detection of the Excited State Eds. Lamola, A.A.; Marcel
Dekker, New York, Vol-1, Part A, Chap.5, 1971.
19. Lackowicz, J. R. Principles of Fluorescence Spectroscopy, Kluwer Academic/
Plenum Publishers, New York, 1999.
20. Lakowicz J. R. Principles of Fluorescence Spectroscopy Springer, New York, ed. 3,
2006.
21. Bevington, P. R. Date Reduction and Error Analysis for the Physical Sciences,
McGraw Hill, New York, 1969.
22. Marquardt, D. W. Journal of the Society for Industrial and Applied Mathematics.
1963, 11, 431.
23. Oshako, Y.; Thorne, J. R. G.; Phillips, C. M.; Hochstrasser, R.; Zeigler, J. J. Chem.
Phys. 1989, 93, 4408.
24. Ranasinghe, M. I.; Varnavaski, O. P.; Pawlas, J.; Hauck, S. I.; Lowie, J et al. J. Am.
Chem. Soc. 2002, 124, 6520.
25. Varnavski, O.; Yan, X.; Mongin, O.; Blanchard-Desce, M.; Goodson, T. III. J. Phys.
Chem. C 2007, 111, 149.
26. Goodson, T. III. Ann. Rev. Phys. Chem. 2005, 56, 581.
27. Varaganti, S.; Ramakrishna, G. J. Phys. Chem. C 2010¸ 114, 13917-13925.
28. Devadas, M.S.; Kim, J.; Sinn, E.; Lee, D.; Goodson, T. III; Ramakrishna, G. J. Phys.
Chem. C 2010, 114, 22417-22423.

76

29. Wiederrecht, G. P.; Geibink, N. C.; Hranisavljevic, J.; Rosenmann, D.; Martinsson,
A. B. F.; Schaller, R. D.; Wasielewski, M. R. Appl. Phys. Lett. 2012, 100, 113304113307.

77

CHAPTER 3
ULTRAFAST DYNAMICS IN ANTHRACENE DERIVATIVES SENSITIZED TiO2
NANOPARTICLES: INFLUENCE OF ANCHORING GROUP
3.1 Introduction
The design and synthesis of organic dyes for efficient dye-sensitized solar cells have been in
the forefront of research for the last two decades. Dye sensitized solar cells (DSSC) have
potential advantages over their counterpart traditional solar cells partly because of their low
cost and ease of fabrication.1-23 Sensitizers with good absorption with high extinction
coefficients through out the visible region are ideal candidates for efficient dye-sensitized
solar cells. The sensitizer, which is grafted onto the TiO2 nanoparticle surface absorb the light
and gets excited. The excited sensitizer then injects electrons into the conduction band of
TiO2. The oxidized dye in the ground state is then neutralized by the I3/I- redox system to
complete the electric circuit and generate electricity.27 The overall solar cell efficiency
depends on high quantum yield of electron injection and slow charge recombination. The
charge recombination has to be slow so that the electrolyte can be able to neutralize the
oxidized dye. If the charge recombination is faster, then it decreases the solar cell efficiency.
One other problem is the back contact charge recombination, which will not be addressed in
this study.28
Since O’Brien and Gratzel have demonstrated 10% solar cell efficiency with N3 dye, most
of the dyes studies were based on ruthenium polypyridyl complexes such as N3, N719, and
black dye.2, 29-35 With the ruthenium complex of black dye, efficiency close to 11 % under
AM 1.5 irradiation was achieved.34
However, the main drawback with the ruthenium dyes is that they are expensive since the
metal is naturally scarce. To overcome this, researchers have focused on metal-free
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sensitizers for DSSC applications.36-39 In the beginning, the efficiencies were not high with
organic sensitizers but recently, efficiencies exceeding 9% were obtained from such systems.
The organic dyes that are studied include coumarins,40-43 merocyanine,44,45 hemicyanine,46-48
porphyrin,49-53 phthalocyanine,54,55 indoline,56,57 and squaraine58-60 dyes as well as push-pull
type organic chromophores.61-71
Each of the above organic dyes contain specific functional groups which play a key role in
improving the solar cell efﬁciency.45 Most of these sensitizers used in DSSCs have either
carboxylic or phosphonate or salicylate as the anchoring groups.24-26 Although enormous
research efforts were focused on synthesizing new chromophores for increased efficiencies,
studies that focus on the effect of anchoring groups are limited. For the last five years, several
new organic chromophores were synthesized with both malonic acid and cyanoacrylic acid as
anchoring groups and these dyes have shown good solar cell efficiencies.40, 72-74 Grätzel and
co-workers75 have shown that malonic acid group can bind strongly to the semiconductor
surface and have reported a decent improvement in the efﬁciency of the solar cell with it.
However, Hara et al. demonstrated that the use of malonic acid anchoring groups within the
coumarin dyes didn’t improve the solar cell efficiency.76 On the other hand, their studies with
cyanocarboxylic acid as the anchoring group within the coumarin dyes have shown increased
solar cell efficiencies. Thus, it is quite difficult to evaluate which anchoring group is better
for solar cells.
Recently, Srinivas et al. have synthesized anthracene dyes with cyanoacrylic acid and
malonic acid derivatives and have shown that cyanoacrylic acid functional group is better for
solar cell efficiency. They have also carried out theoretical calculation to find out the mode of
binding of the dye to TiO2. Although a lot of work have been focused on using cyanoacrylic
acid and malonic acid as anchoring groups for dye-sensitized solar cells especially their
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efficiency, there are no reports available on how these anchoring groups can influence the
electron injection and charge separation efficiency. To address the effect of anchoring group
on the interfacial charge transfer processses, we have studied the dynamics of electron
injection and charge recombination on three anthracene based-derivatives.
The compounds were used for investigation are, 3-(anthracene-9-yl)-2- cyanoacrylic acid
(M1), 2-cyano-3-(10-methoxyanthracene-9- yl)acrylic acid (M2), and 2-(anthracene-9ylmethylene) malonic acid (M3), (Scheme 3.1). Compounds M1 and M2 possess
cyanoacrylic acid as anchoring group. In addition, M2 contains a methoxy group, which will
give M2 a push-pull chromophore structure of the well-known donor-π conjugate-acceptor
(D-π-A) structure. Compound M3 is similar to compound M1 but contains malonic acid
instead of cyanoacrylic acid as its acceptor.

Scheme 3.1 The structure of the investigated anthracene based organic dye sensitizers
3.2 Experimental Section
3.2.1 Materials
Titanium (IV) isopropoxide and Isopropyl alcohol were obtained from Sigma-Aldrich and
were used as received. Nanopure water (Millipore inc, 18.2 MOhm) was used to make TiO 2
nanoparticles. The compounds M1, M2 and M3 were obtained from our collaborators at
Indian Institute of Chemical Technology, Hyderabad, India.
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3.2.2 Synthesis of TiO2 nanoparticles
Titanium dioxide (TiO2) nanoparticles were synthesized by following the well-established
procedure of controlled hydrolysis of titanium (IV) tetraisopropoxide.77 Briefly, a solution of
5 mL of Ti[OCH(CH3)2]4 dissolved in 95 mL of isopropyl alcohol was added drop wise at the
rate of 1 mL min-1 to 900 mL of nanopure water (275 K, at pH 1.5, adjusted with HNO3). The
solution was continuously stirred for 10-12 hrs until a transparent colloid was formed. The
colloidal solution was concentrated at 308-313 K using a rotary evaporator and then dried
under nitrogen stream to yield a white powder. Typical sizes of the nanoparticles were around
5 nm with decent monodispersity. Known concentration of anthracene derivatives (dissolved
in 5% methanol) were added to the colloidal solution of TiO2 and stirred until a stable color
of the solution is obtained.
3.2.3 Experimental methods
Optical absorption and emission measurements were carried out using a Shimadzu UV 2101
PC absorption spectrometer and an Edinburgh spectrofluorometer respectively.78 Timeresolved fluorescence measurements of the charge transfer dynamics were studied using the
femtosecond fluorescence upconversion technique described elsewhere.79 Briefly, the upconversion system used in our experiments was obtained from CDP Instruments, Inc., Russia.
In the present investigation, studies were carried out with second harmonic (400 nm) of the
fundamental Ti:Sapphire laser at 800 nm, as the excitation source. Polarization of the
excitation beam for the magic-angle fluorescence and anisotropy measurements was
controlled using a Berek compensator, and the sample was continuously rotated with a
rotating cell 1 mm in thickness. Horizontally polarized fluorescence emitted from the sample
was up-converted in a nonlinear crystal of -barium borate using a pump beam at 800 nm,
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which first passed through a variable delay line. Instrument response function (IRF) was
measured using Raman scattering from water. Fitting the Gaussian peak from the Raman
scattering yielded a sigma value of 120 fs which gave a full width half maximum (FWHM)
of 250 fs. Spectral resolution was achieved by using a double monochromator and
photomultiplier tube. The excitation average power varied during experiments but was mostly
in the range of 3.5± 0.5 mW.
Femtosecond transient absorption investigations were carried out at the Center for Nanoscale
Materials, Argonne National Laboratory.66 Briefly, a Spectra Physics Tsunami Ti:Sapphire 75
MHz oscillator was used to seed a 1.666 kHz Spectra-Physics Spit-Fire Pro regenerative
ampliﬁer with 150 fs pulse width. In this study 95% of the output from the ampliﬁer is used
to pump a TOPAS optical parametric ampliﬁer, which is used to provide the pump beam in
the Helios transient absorption setup. The remaining 5% of the ampliﬁer is focused onto a
sapphire crystal to create white light continuum to serve as the probe beam. The pump beam
was depolarized and chopped at 833 Hz and both pump and probe beams were overlapped in
the sample. Samples have shown little degradation during the measurements.
3.3 Results and Discussion
3.3.1 Optical absorption measurements
Electronic absorption spectra of the dye molecules M1, M2, and M3 in water and on the
surface of TiO2 in solution as well as on thin films are shown in parts A, B and C of Figure
3.1, respectively. All the spectra were normalized to the maximum absorbance of lower
energy absorption band. For the dyes on TiO2, theoptical density below 400 nm are strongly
influenced by the absorption of TiO2.
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Figure 3.1 Normalized electronic absorption spectra of (A) M1, (B) M2, and (C) M3 in water
and on the surface of TiO2 in solution and on TiO2 thin film
It is observed from Figure 3.1A that the absorption spectrum of M1 became broader and
shifted to longer wavelengths when it is bound to TiO2 suggesting stronger ground state
electronic interaction of the dye with TiO2 surface. The absorption spectrum is further shifted
to longer wavelengths for M1/TiO2 thin film confirming stronger binding of the dye with
TiO2 surface. Similar red shift and broadening of absorption spectrum is observed for M2 on
the surface of TiO2 both in solution and on the thin film, Figure 1B. It has to be noted here
that both M1 and M2 possess cyanoacrylic acid as the anchoring group and this is probably
the reason for stronger binding of the dye with TiO2. In contrast, M3 did not show significant
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broadening or shift to longer wavelengths when it is bound to TiO2 surface, Figure 1C. The
vibrational structure of M3 is still observed when the dye is bound to TiO2 indicating less
efficient electronic interaction of M3 with TiO2. Interestingly, the absorption of M3 on TiO2
thin films has shown shift to higher energies again pointing to weaker complexation. From
the optical absorption measurements, it is observed that chromophores containing
cyanoacrylic acid anchoring groups bind strongly with TiO2 while malonic acid anchoring
group shows weaker complexation. The shift is attributed to the presence of an electron
withdrawing -CN group for the case of M1 and M2, which offers additional hydrogen bond
formation with the surface of TiO2. Further femtosecond time-resolved measurements were
carried out to understand the role of these anchoring groups on the dynamics of electroninjection and charge recombination.
3.3.2 Femtosecond fluorescence upconversion measurements
All the investigated anthracene derivatives have shown no noticeable fluorescence and this is
probably because of the efficient non-radiative relaxation associated with chromophores such
as cis-trans isomerization. To monitor the excited state relaxation dynamics of free dyes in
solution, we have measured the fluorescence lifetimes with femtosecond fluorescence
upconversion spectroscopy after excitation at 400 nm while detecting the fluorescence at 520
nm. Shown in Figure 3.2 are the fluorescence decay traces for M1, M2 and M3 at 520 nm and
corresponding lifetimes are presented in Table 3.1. It can be observed that the fluorescence
from all the chromophores decay very fast and more than 90% of the decay is complete in 5
picoseconds. It is interesting to observe ultrafast lifetimes for anthracene derivatives, as they
normally possess relatively longer lifetimes. The fluorescence decay traces were fit with a
three exponential function with lifetimes of <150 fs, 600-800 fs, 5 to 7 ps. The first two
components are prominent for all compounds and are ascribed to the cis-trans isomerization.
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The picoseconds decay component is attributed to the singlet state lifetime. As the
fluorescence of the dyes on TiO2 is further quenched, we did not carry out fluorescence
upconversion measurements to follow the electron injection. However, femtosecond transient
absorption measurements were carried out both on free dye molecules and dye-sensitized
TiO2 nanocomposites.
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Figure 3.2 Fluorescence upconversion decay traces of M1, M2 and M3 in methanol
monitored at 520 nm after excitation at 400 nm
Table 3.1 Fluorescence lifetimes of M1, M2 and M3 in methanol
Sample

Life times

M1/MeOH

< 150 fs (87.7%), 0.65 ps (11.75%) and 6.5 ps (0.7%)

M2/MeOH

< 150 fs (91.6%), 0.8 ps (7.4%) and 5.5 ps (1.0%)

M3/MeOH

< 150 fs (71.2%), 0.75 ps (27.5%) and 6.3 ps (1.4%)
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3.3.3 Femtosecond transient absorption measurements - Dyes in solution
As observed above from time-resolved fluorescence lifetime measurements, the excited state
relaxation of the chromophores is extremely fast. Therefore, in order to explore the dynamics
of anthracene derivatives in solution, femtosecond transient absorption measurements with
420 nm excitation were carried out.
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Figure 3.3 Femtosecond transient absorption (A) M1 in methanol at selected time delays
(300 fs - 10 ps) (B) M2 in methanol at selected time delays (200 fs - 20 ps) and (C) M3 in
methanol at selected time delays 100 fs - 10 ps)
Shown in parts A, B and C of Figure 3.3 are the excited state absorptions (ESAs) at different
time delays for M1, M2 and M3 respectively. All three anthracene derivatives show similar
ESA spectra with a maximum around 490 nm. It can be observed from Figure 3.3 that all the
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ESA spectra decay very fast similar to the results of fluorescence upconversion and the decay
is complete within 20 ps. Global fit analysis was performed by fitting the kinetics at different
wavelengths with fixed time constants to obtain species associated spectra as shown in Figure
3.4. It is observed that the charge-transfer dynamics in the case of M1 in methanol is
dominated by 650 fs and 5.2 ps decay components. It is interesting to note the absence of
ultrafast decay (< 150 fs) component in the transient absorption kinetics which was present in
fluorescence upconversion decay. Other than the absence of the ultrafast decay component,
the two decay components observed in transient absorption matched quite well with the
upconversion results. The absence of ultrafast decay component in the transient absorption
measurements can be partially attributed to the low oscillator strengths for the ESA of
unrelaxed cis-singlet state of the molecules.
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Figure 3.4 Species associated spectra obtained from the global fit analysis of M1 in methanol
The kinetic decay traces observed at 490 nm for all the compounds are shown in Figure 3.5
and corresponding lifetimes are presented in Table 3.2. It has to be mentioned here that the
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lifetimes obtained from complementary time-resovled fluoescence and absorption
spectroscopic techniques matched pretty well with one another.
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Figure 3.5 Kinetic decay traces of M1, M2, and M3 in methanol
Table 3.2 Excited state lifetimes of M1, M2 and M3 in methanol obtained from transient
absorption spectral analysis

Sample

Lifetimes

M1/MeOH

650 fs, 5.2 ps

M2/MeOH

420 fs, 3.2 ps

M3/MeOH

550 fs, 4.7 ps

From the combined fluorescence upconversion and transient absorption analysis of free dyes
in solution, the excited state relaxation of the dyes can be represented with Scheme 3.2. The
time constant <150 fs (observed in upconversion measurements) can be ascribed to internal
conversion with cis- singlet states and the 650 fs decay component (observed in transient
fluoescence and absorption) can be ascribed to the relaxation of cis- state to trans- state. The
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picosecond decay component observed in time-resolved fluorescence and absorption is
attributed to the lifetimes of the singlet state.

Scheme 3.2 Schematic diagram representing the excited state relaxation of the investigated
anthracene derivatives (M1 to M3) in solution
3.3.3.1 Dyes on TiO2 nanoparticles in solution
As observed above, both fluorescence up-conversion and transient absorption measurerments
of M1, M2, and M3 in methanol have shown very fast relaxation decay constants for the free
dyes. It will be interesting to see if these dyes whose excited states decay fast can inject
electrons into TiO2 or not. Thus, to monitor the dynamics of interfacial electron transfer
between the anthracene derivatives and TiO2, femtosecond transient absorpton measurements
were caried out. Shown in parts A and B of Figure 3.6 are the ESA at short (100 fs to 1 ps)
and long time delays (1 ps to 1 ns) for M1 on the surface of TiO2 nanoparticles in solution.
The ESA at 100 fs of M1 on TiO2 is entirely different from that of M1 in methanol
suggesting the presence of ultrafast electron transfer from the dye to TiO2. The ESA at 100 fs
for M1 on TiO2 consisted of a bleach with a maximum around 475 nm and a broad absorption
with a maximum around 580 nm and featureless absorption greater than 700 nm. The
negative feature at 475 nm is attributed to the ground state bleach of M1/TiO2 (probably
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influenced by the local electric fields on the surface of TiO2) and the ESA at 580 nm is
attributed to the cation radical of M1 and the featureless absorption greater than 700 nm is
ascribed to the absorption of electrons in TiO2. It is interesting to note that the bleach and the
ESA have shown small growth upto 1 ps (Figure 3.6A) followed by bleach recovery and the
decay of ESA, Figure 3.6B. The small growth is possibly due to the presence of a slow
electron injection component and the bleach recovery is because of the back electron transfer
from TiO2 to the oxidized M1. Species associated spectra were obtained from the global fit
analysis of M1/TiO2 have yielded four components of 750 fs, 2.5 ps, 60 ps and long lived
absorption. The 750 fs decay component’s ESA matched quite well with that of the ESA of
M1 alone suggesting that it is arising out of electron injection. The other lifetimes are because
of multi-exponential charge-recombination. Similar multi-exponential charge recombination
was observed for several organic chromophores sensitized TiO2 nanoparitcles.
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Figure 3.6 ESA at (A) short time delays from 100 fs to 1 ps (B) long time delays for
M1/TiO2 in solution (C) Corresponding species associated spectra for M1/TiO2 in solution
obtained from global fit analysis
Even though the excited state decay of M1 is short, efficient electron injection from M1 to
TiO2 was observed. Further femtosecond transient absorption measurements were also carried
out for M2 on TiO2 nanoparticles to probe the dynamics of electron injection and charge
recombination. Figure 3.7A shows the ESA at different time delays from 100 fs to 1 ns for
M2/TiO2 nanoparticles in solution. Here again the 100 fs ESA did not resemble anything
close to that of M2 in methanol. The ESA at 100 fs consisted of a negative feature with a
maximum at 480 nm and broad ESA with a maximum at 600 nm and featureless absorption
greater than 700 nm. The negative feature is due to the bleach of M2 on TiO2 and the 600 nm
ESA is attributed to the cation radical of M2. Also, the featureless absorption is ascribed to
the electrons in TiO2. The fact that all the charge separated species are observed even at 100
fs time delay suggests efficient and ultrafast electron injection from M2 to TiO2. One
intersting feature is the absence of any slow component for M2/TiO2, which was present in
M1/TiO2. The push-pull nature of M2 is probably the reason behind such efficient and
ultrafast electron injection. The global fit analysis performed on M2/TiO2 has yielded three
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decay components of 3.5 ps, 100 ps and long lived component, Figure 3.7B. All these
components are attributed to multi-exponential charge recombination from the electrons in
TiO2 and oxidized M2.
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Figure 3.7 (A) ESA at different time delays from 100 fs to 1 ns for M2 on the surface of TiO2
nanoparticles in solution and (B) corresponding species associated spectra for M2/TiO2 in
solution obtained from global fit analysis
Interestingly, efficient electron injection is observed from M1 and M2 to TiO2 even though
their excited state lifetimes are short. Both M1 and M2 possess a cyanoacrylic group as the
anchoring group that can bind very efficiently to the surface of TiO2. It will be intriguing to
monitor the interfacial charge transfer processes across M3 and TiO2 as it possesses malonic
acid anchoring group. Shown in Figure 3.8A are the ESA at different time delays from 100 fs
to 60 ps for M3 on TiO2 nanoparticles in solution. The ESA at 100 fs consistes of a positive
absorption with a maximum around 540 nm which is quite similar to that of the ESA of M3.
With increase in time delay, this positive absorption decays to give rise to featureless
absorption greater than 600 nm. These features for M3 on TiO2 suggest slow electron
injection from M3 to TiO2 to give rise to the cation radical of M3 and electrons in TiO2. The
global fit analysis performed on M3/TiO2 has yielded decay components of 550 fs, 7.8 ps and
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long-lived, Figure 3.8B. The 550 fs component associated spectrum matched quite well with
that of the ESA of M3 and can be attributed to the electron injeciton from M3 to TiO 2. This
time constant also competes with the excited state relaxation dynamics. The 7.8 ps and long
lived components are attribuited to charge recombination. It is important to note that for M3
on TiO2, there is not component associated with ultrafast electron injection as the ESA at 100
fs matched quite well with that of the ESA of M3 in methanol. The absence of ultrafast
electron injection is mainly because of the weaker electronic coupling of M3 with TiO 2 as its
binding with the malonic acid anchoring group is rather weak. Thus, the electron injection is
slow and is competing with the singlet state decay of M3.
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Figure 3.8 (A) ESA at different time delays from 100 fs to 60 ps for M3 on the surface of
TiO2 nanoparticles in solution and (B) Corresponding species associated spectra for M3/TiO2
in solution obtained from global fit analysis
The transient absorption measurements of M1, M2 and M3 on TiO2 have shown that the
electron injection is quite efficient for M1 and M2 and not that much for M3 on TiO 2. This
difference is ascribed to the differences in the anchoring group where the cyanoacrylic acid
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anchoring group binds rather strongly with TiO2 facilitating ultrafast electron injection while
that is not the case with M3.
3.3.3.2 Quantum yields of electron injection-comparison of M1 and M3
In order to probe the effect of anchoring group on the electron injection in these anthracene
derivatives-sensitized TiO2 nanoparticles in solution, electron injection efficiency was
determined under actinometry conditions. The transient absorption signal is at 750 nm for M1
and M3 are compared with the absorption at 420 nm and pump power kept constant for both
systems. The signal at 750 nm is taken as it arises mainly from the electrons in TiO 2 and thus
can be compared with one another. Shown in Figure 3.9A is the comparison of the transient
absorption signal at 750 nm for M1 and M3 on the surface of TiO2 nanoparticles. It is quite
clear from the data that the quantum efficiency of electron injection from M3 to TiO 2 is only
40% when compared to M1. This result futher demonstrates that the electron injection
efficiency from M3 is rather small because of the weaker electronic coupling of the dye with
TiO2 due to inefficient anchoring group. However, similar comparison of electron injection
efficiency between M1 and M2 has shown no noticeable differences, Figure 3.9B.
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Figure 3.9 Comparison of the transient absorption signal at 750 for (A) M1 and M3 on TiO2
and (B) M1 and M2 on TiO2 under actinomeric conditions
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3.3.3.3 Dynamics of charge transfer on the surface of TiO2 thin films
The interfacial charge transfer dynamics across M1 and M2 on TiO2 thin films is further
investigated to explore the role of the crystallinity of the TiO2. The measurements were quite
unsuccessful for M3 on TiO2 thin film as it gave little to no observable signal. Shown in
Figure 3.10A and 3.10B are the ESA at short (200 fs to 2.8 ps) and long (3 ps to 1 ns) time
delays form M1 on TiO2. Similar to that of M1/TiO2 in solution, there is also a contribution
from a slow component of electron injection in addition to significant ultrafast electron
injection. Here again, the negative feature is attibuted to the bleach (ground-state bleach
discussed in chapter 2) from M1/TiO2 while broad absorption greater than 600 nm is ascribed
to the cation radical of M1 and electrons in TiO2. The extinciton coefficients for elctrons in
TiO2 thin films are significantly higher when compared to electrons in TiO2 nanoparticles.
For this reason, it is difficult to distinguish between the oxidized dye and the electrons in
TiO2. The global fit analysis has indicated a presence of a slow component of electron
injection with 170 ps and long-lived charge recombination. It has to be mentioned here that
the charge recombination is rather slow on TiO2 thin film.
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Figure 3.10 ESA at different time delays for M1/TiO2 thin film (A) short and (B) long time
delays
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Similarly, even for M2/TiO2 thin film, the dynamics is similar to what was observed for
M2/TiO2 nanoparticles in solution except that the signal from the electrons in TiO2 is higher,
Figure 3.11. There is no slow component of electron injection from M2 and is dominated by
ultrafast electron injection. Here also, the charge recombination in thin film samples is
significantly smaller when compared to solution phase measurements.
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Figure 3.11 Excited state absorption of M2/TiO2 thin film at different time delays
3.3.3.4 Charge recombination dynamics
The dynamics of charge recombination is monitored by following both the bleach recovery
kinetics as well as the decay of charge separated species. Shown in Figure 3.12 is a
comparison of the bleach recovery and ESA decay kinetics for M1/TiO2 nanoparticles in
solution. The charge recombination observed from both decay traces is quite similar to one
another.
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Figure 3.12 Kinetic decay traces of M1 on TiO2 solution
As the bleach recovery kinetics and the electron signal at 750 nm match with one another, the
charge recombination is compared for M1 and M2 in different media. Figure 3.13 shows the
comparison of charge recombination for M1 and M2 TiO2 systems, respectively. Also, shown
in the figures are the kinetics of ESA for free dye molecules.
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Figure 3.13 Kinetic traces in different media for (A) M1 and (B) M2
The charge recombination for both M1 and M2 in different TiO2 systems is fitted with a
multi-exponential decay function and corresponding lifetims are provided in Table 3.3. It is
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quite evident from Figure 3.13A and 3.13B that the charge recombination constants are
significantly smaller on TiO2 thin films when compared to TiO2 nanoparticles in solution.
The slower charge recombination on films can be attributed to efficient electron
delocalization in thin films while the surface states can localize the electrons in TiO2
nanoparticles, leading to greater charge recombination with the oxidized dye molecule.
Table 3.3 Summary of electron injection and charge recombination for M1, M2 and M3 dyes
with TiO2
Dyes
M1/TiO2
M2/TiO2
M3/TiO2

Electron Injection
lifetime ( )

Charge Recombination
lifetime ( )

Solution

Thin film

Solution

Thin film

<150 fs, 750 fs
<150 fs
350 fs, 5 ps

<150 fs, 2.2 ps
<150 fs, 1 ps
No signal

2.5 ps, 52 ps and >1ns
3.5 ps, 100 ps and >1ns
>100 ps

170 ps, > 1 ns
260 ps, > 1 ns
No signal

Observed electron injection and charge recombination can be summarized in Scheme 3.3.

Scheme 3.3 Cartoon digram depicting the charge-transfer dynamics in anthracene derivatives
sensitized TiO2 nanoparticles
3.3.3.5 Stark effects in the transient absorption of M1 and M2 on TiO2
In addition to the slow electron injection component for M3 on TiO2, a shift in the bleach
maximum to longer wavelengths was observed in the transient absorption spectra of M1 and
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M2 sensitized TiO2 nanoparticles in solution and on thin films. The results are attributed to
transient Stark shifts that arise due to the local electric fields generated by the charge transfer
from the dye to TiO2. In recent years, several research groups have demonstrated the Stark
shifts in dye-sensitized TiO2 nanoparticles in solution. The local electric fields are quite high
at the dye/TiO2 interface as it involves significant charge separation. In recent years, several
investigations of transient absorption have shown that the bleach of the dye molecules remain
for long time scales, even after the dye molecules were regenerated by the electrolyte.81-83 The
effect has been attributed to the transient Stark effect. Cappel et al.84 have discussed the
effects of local electric fields in dye-sensitized solar cells in their elegant work using
photoinduced absorption. They have shown that transient Stark effects are ubiquitous in dyesensitized solar cells, calling attention for the local electric fields on the photoinduced
absorption spectra. Pastore et al.85 have modeled Stark effects in organic dye-sensitized TiO2
nanoparticles and showed that the cation radicals of the dye can shift the absorption to higher
wavelength regions because of the Stark effect. It should be mentioned that if Stark effects
can be observed at longer time scales, it should be far easier to observe them in fast time
scales, when initial electron injection takes place. Therefore, the present system, with its
unique transient absorption features, can be used as a model system to probe the occurrence
of transient Stark effects.
If there are local electric fields on the surface of TiO2, it is possible to observe the Stark shifts
as well. These effects should be more pronounded in femtosecond time scales rather than
nanosecond as the number of injected electrons are significantly higher at faster time windos
as the charge recombination is quite smaller. Shown in Figure 3.14A and 3.14B are the
transient absorption bleach form the dye/TiO2 systems with the negative of the steady-state
absorption of the dye/TiO2 for M1 and M2, respectively. It can be observed from Figure
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3.14A that the negative absorption of the M1/TiO2 is at 400 nm, but the transient absorption
bleach at 100 fs is shifted to 475 nm for TiO2 solution and 470 nm for thin film. This large
shift of the bleach can be attributed to the Stark shifts arising out of the electric fileds at the
interface. Similar bleach maximum shifts were observed for M2/TiO2 when compared to the
negative of the absorption of dye/TiO2 system.
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Figure 3.14 Comparison of the transient absorption bleach at 100 fs and negative absorption
of the dye/TiO2 systems for (A) M1 and (B) M2
Two main observations are made from the transient absorption bleach analysis. Firstly, the
bleach maximum is shifted considerably to longer wavelengths. Secondly, the shifts are more
pronounced with TiO2 nanoparticles in solution than that of TiO2 thin films. The first
phenomenon can be modeled with Stark shifts. The observed negative bleach maximum fit
well with the first derivative of the absorption spectrum of dye on TiO 2. The increased Stark
shift in TiO2 nanoparticles is quite simple as the nanoparticles in solution are not as
crystalline and the electrons cannot easily localize but will go into trap states. For these
reasons, the Stark shifts are more pronounced in solution samples than in thin films.

100

3.4 Conclusion
The dynamics of electron injection, injection efficiency and charge recombination is reported
for three anthracene derivatives sensitized TiO2 nanoparticles. The investigations are aimed at
probing the influence of anchoring group on the dynamics of electron injection and charge
recombination in the case of M1 and M3 that posess two cyanoacrylic acid and malonic acid
anchoring groups, respectively. Electronic absorption results have shown that the binding of
M3 with TiO2 is not as efficient as that of M1 and M2. Time-resolved fluorescence and
absorption measurements for free dyes in methanol have shown that the excited states decay
very fast and the relaxation is complete within 20 ps irrespective of the anthracene derivative.
Ultrafast relaxation dynamics observed for free dyes is attributed to cis-trans isomerization.
Although the singlet state lifetimes are shorter for the investigated chromophores, efficient
electron injection is observed from these dyes to TiO2 as the dynamics of electron injection is
less than 150 fs. However, slower component of electron injection is observed for M3 when
compared to M1 and M2 which can be attributed to the weaker binding of the malonic acid
anchoring group with TiO2 surface. The present results show that it is not a necessary
condition to have longer excited state lifetimes for efficient charge separation. In addition,
electron injection efficiency measurements under actinometric conditions were carried out for
M1 to M3 with TiO2. The results have shown that the injection efficiency of M3 is only 30%
of that of M1 and M2 (similar to one another). The low quantum yield of electron injection
for M3 is attributed to the malonic acid anchoring group that binds less strongly than the
cyanoacrylic group. The cyanoarylic acid functional group offers additional chelation effect
via the formation of hydrogen bonds with the surface of TiO2 which makes the binding to
TiO2 more efficient. On the other hand, the charge-recombination rate constants are multiexponential for both M1 and M2 on TiO2 nanoparticles in solution and more than 50% charge
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separation is observed. The observed charge-recombination rate constants for M1 and M2 on
TiO2 thin films are much slower and probably is the reason for better solar cell efficiencies
with these dye molecules. In addition, interesting Stark effects were observed during charge
recombination for M1 and M2 on the surface of TiO2. The observation of Stark shifts are
attributed to having aligned electric dipoles for the dyes on the surface of TiO2. The presence
of electric fields on the surface of dye-sensitized TiO2 is demonstrated with the present
investigations. These electric fields can be utilized as an important parameter to influence the
efficiency of dye-sensitized solar cells and two-photon absorption properties of
chromophores on semiconductor nanoparticles.
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3.5 Summary



The main objectives of the investigation are to probe the influence of anchoring
group on the dynamics of interfacial charge-transfer dynamics and to establish the
presence of local electric fields present at the interface of chromophore and
semiconductor nanoparticles.



Efficient electron injection is possible from the investigated chromophores to TiO 2
nanoparticles regardless of very short singlet state lifetime for the free chromophores
in solution. This result highlights the importance of strong electronic coupling of the
chromophore with TiO2 that can overcome the relaxation of the chromophores.



Slow and inefficient electron injection to TiO2 was observed from a chromophore
with malonic acid anchoring group when compared to cyanoacrylic acid anchoring
group indicating greater electronic coupling of the later with TiO2 nanoparticles.



Presence of local surface electric fields was shown in these anthracene chromophores
sensitized TiO2 via the Stark shifts observed in transient absorption measurements.



The presence of local electric fields at dye-TiO2 interfaces is critical to use these
systems as efficient 2PA materials.
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CHAPTER 4
ULTRAFAST INTERFACIAL CHARGE-TRANSFER DYNAMICS IN A DONOR-πACCEPTOR CHROMOPHORE SENSITIZED TiO2 NANOPARTICLES
4.1 Introduction
The dynamics of interfacial charge transfer between molecular adsorbates and semiconductor
nanoparticles1-8 has attracted enormous research attention, especially in the context of
dyesensitized solar cells9-12 and photocatalysis.13-14 A significant amount of research was
focused both on organic and inorganic dye-sensitized TiO2 nanoparticles, which yielded a
wealth of information on the electron injection and charge recombination dynamics. The solar
cell efficiencies of inorganic dye (such as ruthenium(polypyridyl)) sensitized TiO2 systems912, 15-16

have been superior to organic dye-sensitized TiO2 solar cells until recently.17-19

However, with the use of donor-π-acceptor architectures (push-pull geometry) in the organic
dyes,20-37efficiencies reaching 10% (comparable to inorganic dyes) have been observed.20
Despite several investigations of electron transfer dynamics on organic dye-sensitized TiO2
nanoparticles,5-8, 39-52 measurements on the organic chromophores with push-pull geometry
and TiO2 nanoparticles are limited.53-60 Recently, Ziolek et al.58-60 have studied the chargetransfer dynamics on triphyenylamine-cyanoacrylic acid sensitized TiO2 nanoparticles,
nanotubes and nanorods and have shown multiexponential electron injection from the dye to
TiO2 with a picosecond electron injection component. Also, Fakis et al.53 have shown similar
multiexponential electron injection with time constants of 100 fs, 1.3 ps and 8.6 ps in D149
dye-sensitized TiO2 nanoparticles. Ultrafast (<100 fs) electron injection is reported for most
of the organic dye-sensitized TiO2 nanoparticles while multiexponential and picosecond
components of electron injection were observed for inorganic dye-sensitized TiO2
nanoparticles.5-8, 39-46

111

The slower electron injection components are not frequently observed in organic dyesensitized TiO2 because of the strong electronic coupling of the dye’s excited state with the
continuum of electronic states in the conduction band of TiO2, which leads to ultrafast
electron injection.5-8 Nevertheless, recent work on push-pull chromophore sensitized TiO2
nanoparticles has shown slow electron injection and ascribed it to injection from an excited
intramolecular charge transfer (ICT) state.60 Also, picosecond components of electron
injection were shown for D149 (another chromophore with push-pull type geometry)
sensitized TiO2 nanoparticles.53 However, it is not clear why slow or multi-exponential
electron injection is observed in connection with push-pull geometry chromophores but not
with other organic chromophores. It is therefore interesting to probe whether the geometry of
the excited state or the energetic position of the dye play a role in the dynamics of chargetransfer in these push-pull chromophore-sensitized TiO2 nanoparticles.
In an effort to probe the factors that control the electron injection dynamics in TiO2,
nanoparticles sensitized with push-pull chromophores, femtosecond fluorescence and
transient absorption measurements were carried out on (E)-3-(5-((4-(9H-carbazol-9yl)phenyl)ethynyl)thiophen-2-yl)-2-cyanoacrylic acid (CT-CA) sensitized TiO2 nanoparticles
(molecular structure of the dye shown in Scheme 4.1). The CT-CA chromophore was chosen
for the investigation because it belongs to the family of donor-π-acceptor chromophores, with
carbazole as the donor and cyanoacrylic acid as the acceptor, and possesses ICT excited
state.61 Also, photophysical and theoretical calculations have shown the ICT character of the
molecule and solar cell efficiency close to 0.80% was achieved with this dye. 61 Ultrafast
measurements were carried out both in solution and on thin films to provide a complete
understanding of the electron injection and charge recombination mechanisms. In addition,
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molecular dynamics and coherent quantum dynamics simulations were performed to
enlighten the dynamics of the electron injection in CT-CA sensitized TiO2 nanoparticles.

Scheme 4.1 Structure of the investigated chromophore
4.2 Experimental Procedure
4.2.1 Materials
Titanium (IV) isopropoxide, isopropanol and methanol were obtained from Aldrich and used
as received. Nanopure water from Millipore Inc. was used to make TiO2 nanoparticles. The
CTCA chromophore was synthesized using a procedure described elsewhere.61 Highly
transparent TiO2 nanopaste was obtained from Solaronix Inc. and used to make TiO2 thin
films. All the measurements were performed in nanopure water, unless stated otherwise.
4.2.2 Synthesis of TiO2 nanoparticles
TiO2 nanoparticles were synthesized using the procedure of controlled hydrolysis of
titanium(IV) tetraisopropoxide.62,63 Briefly, a solution of 5 mL of Ti[OCH(CH3)2]4 dissolved
in 95 mL of isopropyl alcohol was added dropwise at the rate of 1 mL min-1 to 900 mL of
nanopure water (275 K, at pH 1.5, adjusted with HNO3). The solution was continuously
stirred for 10-12 hrs until a transparent colloid was formed. The colloidal solution was
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concentrated at 308-313 K with a rotary evaporator and then dried under nitrogen stream to
yield a white powder. Typical nanoparticle sizes were around 5 nm with decent
monodispersity. To prepare dye-sensitized TiO2 nanoparticles for transient absorption and
fluorescence upconversion measurements, a small amount of dye (50 μM) dissolved in
methanol is added to 50 g/L of TiO2 nanoparticles in water. Thin films of TiO2 nanoparticles
were made from the paste obtained from Solaronix, Inc. The size of the TiO2 nanoparticles
used to make TiO2 films is around 9 nm. The doctor blading method was used to make the
films that were dried in an oven at 723 K for two hours. 15 The resulting films were quite
transparent. They were subsequently soaked in the ethanolic solution of the dye to prepare
dye coated thin films. The excess dye was washed away with ethanol and then the film was
dried in air.
4.2.3 Experimental methods
Optical absorption and fluorescence measurements were carried out using a Shimadzu UV
2101 PC absorption spectrometer and an Edinburgh spectrofluorometer, respectively. Timeresolved fluorescence measurements of CT-CA/TiO2 nanoparticles were studied with a
femtosecond fluorescence upconversion setup, as described elsewhere.64,

65

Briefly, the

system used frequency doubled light from a mode-locked broad-band Ti-Sapphire laser
(Tsunami, 800 nm) as the excitation source and the residual fundamental is used as the gate
pulse. The excitation of the sample at 400 nm leads to fluorescence from the sample which
was upconverted in a nonlinear crystal of β-barium borate using a gate pulse at 800 nm,
which first passed through a variable delay line. The instrument response function (IRF) was
obtained using Raman scattering from water. Fitting the Gaussian peak from the Raman
scattering yielded a sigma value of ∼120 fs and a Full Width Half Maximum (FWHM) of
∼280 fs. Spectral resolution was achieved using a double monochromator and a
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photomultiplier tube. The excitation average power varied during the experiments but was
consistently in the range of 4.0 ± 0.2 mW. The sample was continuously rotated with a
rotating cell that is 1 mm thick to avoid degradation. Thin film upconversion measurements
were carried out in the same rotating cell that was used for solution phase measurements,
except that the dye solution was replaced with an optically transparent dye coated thin film.
The excitation power was decreased to 2.5 ± 0.2 mW for carrying out thin film upconversion
measurements. The photobleaching of the dye coated thin films was found to be negligible.
Femtosecond transient absorption measurements were carried out at the Center for Nanoscale
Materials, Argonne National Laboratory.66 Briefly, a Spectra Physics Tsunami Ti:Sapphire 75
MHz oscillator was used to seed a 1.66 KHz Spectraphysics Spit-Fire Pro regenerative
amplifier with 100 fs pulse width. 95% of the output from the amplifier is used to pump a
TOPAS optical parametric amplifier, which is used to provide the pump beam in the Helios
transient absorption setup (Ultrafast Systems Inc.). The remaining 5% of the amplifier is
focused onto a sapphire crystal to create a white light continuum that serves as the probe
beam in our measurements (430 to 780 nm). The pump beam was depolarized and chopped at
833 Hz, and both pump and probe beams were overlapped in the sample. The average power
of the pump was kept at 200 nJ per pulse and the early time transient decay traces were found
to be pump power independent. Samples were measured in a 2 mm quartz cuvette and also on
thin films that were moved periodically with a stepper motor. Little degradation of the
samples was observed after the measurements.
4.2.4 Theoretical methods
Distinct computational methods were combined for studying the structural, electronic and
quantum dynamics properties of the CT-CA/TiO2 interface. The Gaussian 03 package67 was
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used to optimize the geometry of the CT-CA molecule in vacuum, by means of DFT
calculations employing the 6-31G** basis set and the B3LYP exchange-correlation
functional. Partial charges were then obtained by the CHELPG method, for further
application in the molecular mechanics calculations performed for the dye/TiO2 interface.
The TiO2 cluster structure was previously optimized68 at the DFT level by the Vienna Ab
Initio Simulation Package.69 VASP is an efficient simulation package for DFT studies of
extended systems that is based on the planewave expansion of the Kohn-Sham orbitals.
Molecular mechanics (MM) calculations of the CT-CA/TiO2 system were carried out in
vacuum at ambient temperature with the GROMACS-4 package,70 including electro-static
and non-bonding (Lennard-Jones) potentials, as implemented in the OPLS force field. During
the MM simulations, all the atoms of the CT-CA molecule and the surface atoms of the TiO2
cluster were allowed to move. Calculations of the local electronic density of states (DOS) and
interfacial electron transfer for the large size CT-CA/TiO2 structure were performed by means
of a combined quantum-classical method that has been used for studying electron injection
and recombination in dye-sensitized TiO2 surfaces8,

68, 71

as well as charge transfer in

molecular solutions.72 The quantum mechanical part of the method is based on a tight-binding
model Hamiltonian gained from the semi-empirical extended Huckel method. To describe the
Coulomb interaction of the photoexcited electron-hole pair, the electron-hole coupling is
described within the time-dependent Hartree approximation.57 In order to improve the
accuracy of the EH method, an optimization procedure was used to re-parameterize the Slater
type orbitals for the dye molecule.
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4.3 Results and Discussion
4.3.1 Optical absorption and fluorescence measurements
Shown in Figure 4.1 are the normalized optical absorption spectra of CT-CA in methanol, on
TiO2 nanoparticles in water and on TiO2 thin films. CT-CA in methanol has an absorption
maximum around 388 nm, which is broadened and shifted to longer wavelengths when it is
attached to TiO2 nanoparticles indicating an electronic interaction of the dye with the TiO2
surface. It has been shown by Srinivas et al.61 that the excited state of CT-CA has an ICT
character, with carbazole being the electron donor and the cyanoacrylic group the acceptor.
The cyanoacrylic acid group binds with Ti(IV) atoms on the surface of the TiO 2, increasing
the charge-transfer character of the dye. The TD-DFT calculations performed on the CT-CA
and CT-CA/TiO2 systems showed that the LUMO of CT-CA is localized on the cyanoacrylic
group and extends onto the Ti atoms on the surface of TiO2.61 The results show that there is a
charge-transfer interaction between CT-CA and TiO2 that can lead to ultrafast electron
transfer. The absorption spectrum of CT-CA on TiO2 thin films and in solution are quite
similar, except that the later is slightly shifted to longer wavelengths. The difference can be
attributed to the solvent effect or to the differences in trap-state densities on the TiO2
nanocomposites, since the annealed TiO2 thin film posses lower trap-state densities.
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Figure 4.1 Normalized absorption and fluorescence spectra of CT-CA in methanol and on the
surface of TiO2 nanocomposites
Additional support for the charge-transfer complexation of CT-CA with TiO2 can be obtained
from the normalized fluorescence spectra of CT-CA in methanol and CT-CA on TiO2
nanoparticles in solution, Figure 4.1. The fluorescence spectrum of CT-CA in methanol has a
maximum around 517 nm and it is quenched by more than 20 times when it is bound to the
surface of TiO2 nanoparticles, suggesting efficient electron injection. Nevertheless, emission
is still observed for the dye on the surface of TiO2 but its maximum is shifted to longer
wavelengths. This shift of emission to longer wavelengths is ascribed to the emission from
the ICT state of the CT-CA/TiO2 charge-transfer complex. Monitoring the lifetimes of this
emission can provide inputs into the dynamics of electron injection.
4.3.2 Time-resolved fluorescence measurements
Femtosecond time-resolved fluorescence measurements were carried out on CT-CA in
methanol and CT-CA adsorbed on the surface of TiO2 nanocomposites to monitor the
dynamics of electron injection from the dye to TiO2. Ultrafast time-resolved measurements
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were used by various research groups to understand the electron injection dynamics at the
dye/TiO2 interface.4-6,

38-60

However, investigations using femtosecond fluorescence46-52 are

significantly scarce when compared to femtosecond transient absorption measurements. This
can be attributed to the difficulty in carrying out the measurements or to the limited
information that it can provide on the dynamics of the charge transfer. In this study,
combined transient fluorescence and absorption measurements were performed to enlighten
the overall charge-transfer dynamics.
4.3.2.1 CT-CA in methanol
Since the fluorescence quantum yield of CT-CA in methanol is quite small, it was difficult to
measure its lifetime with time-correlated single photon counting. Thus, femtosecond
fluorescence measurements were used to probe its excited state decay. Time-resolved
fluorescence decay traces at different emission wavelengths, from 480 nm to 580 nm, for CT
CA in methanol are shown in Figure 4.2. It can be observed from Figure 4.2 that the kinetics
at 480 nm shows a faster decay, while the kinetics trace at 580 nm grows and then decays.
The observed fluorescence decays are consistent with the charge-transfer character of the
molecule, with the ICT state being solvated by methanol. The decay trace at 520 nm was
fitted with lifetimes of 300 fs, 1.3 ps and > 5ps, which are assigned to the relaxation of the
ICT state to solvent stabilized ICT state (via solvation) and the singlet state lifetime,
respectively.
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Figure 4.2 Normalized fluorescence decay traces for CT-CA in methanol at different
monitoring emission wavelengths after excitation at 400 nm
The fluorescence decay traces of CT-CA in methanol were fitted with a three exponential
function given by:

F (t) =
where

,

and

⁄

are amplitudes and

⁄

+
,

and

+

⁄

4.1

are the corresponding lifetimes. The

obtained fit parameters at different wavelengths are provided in Table 4.1. In addition, the
average electron injection (

) time constants were determined using equation 4.2:

=

∑
∑

4.2

The 300 fs component was attributed to inertial solvation component or an internal
conversion from locally excited state to solvent stabilized intramolecular charge transfer
state. The second component was assigned to the solvation and the slow component was
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assigned to singlet state decay. The data obtained from fluorescence data matched quite well
with the transient absorption measurements performed on CT-CA in methanol.
Table 4.1 Fluorescence decay fit parameters for CT-CA in methanol
Wavelength (nm)

Lifetimes

480

τ1 = 0.3 ± 0.5 ps (35.0%), τ2 = 1.0 ± 0.3 ps (57.9%), τ3> 5 ps (7.1%)

500

τ1 = 0.3 ± 0.5 ps (20.4%), τ2 = 1.1 ± 0.3 ps (71.1%), τ3> 5 ps (8.5%)

520

τ1 = 0.3 ± 0.5 ps (1.2%), τ2 = 1.3 ± 0.3 ps (84.4%), τ3> 5 ps (14.4%)

540

τ1 = 0.3 ± 0.5 ps (-12.7%), τ2 = 1.8 ± 0.4 ps (75.5%), τ3> 5 ps (11.8%)

560

τ1 = 0.3 ± 0.5 ps (-26.4%), τ2 = 2.2 ± 0.5 ps (59.0%), τ3> 5 ps (14.6%)

580

τ1 = 0.3 ± 0.5 ps (-41.1%), τ2 = 2.6 ± 0.5 ps (40.4%), τ3> 5 ps (18.5%)

4.3.2.2 CT-CA on TiO2 nanocomposites
The fluorescence of CT-CA on TiO2 nanoparticles is quenched by more than 20-fold,
suggesting efficient electron transfer from the dye to TiO2. Shown in Figure 4.3 are the
comparative fluorescence decay traces of CT-CA in methanol and on the surface of TiO2
nanoparticles monitored at 520 nm. Note that the fluorescence upconversion measurements
were carried out for low dye coverage samples, so that the number of the dye molecules per
nanoparticle does not exceed 1 and the influence of molecular aggregation is negligible. It
can be observed from Figure 4.3 that the fluorescence decay of CT-CA is quite fast on the
surface of TiO2 nanoparticles, but not as fast as expected from ultrafast electron injection.
Yoshihara and co-workers have shown electron injection times close to 100 fs in their
upconversion study of coumarin 343 sensitized TiO2 nanoparticles.46 Moreover, ultrafast
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electron injection into TiO2 nanoparticles is observed for the majority of the organic
chromophores that possess an ICT state as their excited state. Ziolek et al.60 and Fakis et al.53,
however, have shown by their femtosecond upconversion measurements on D-π-A
chromophore sensitized TiO2 nanocomposites that the dynamics of electron injection can be
multiexponential with picosecond electron injection time constants. Present results also show
a similar behavior, the one in which electron injection is multiexponential with slow electron
injection time components.

CT-CA/MeOH
CT-CA/TiO2 in water
CT-CA/TiO2 thin film

Fl Counts (cps)
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Figure 4.3 Femtosecond fluorescence decay traces of CT-CA in methanol and on the surface
of TiO2 nanoparticles in solution and on thin film monitored at 520 nm
To understand the origin of the slow electron injection dynamics, fluorescence decay traces
were monitored at different wavelengths, from 500 nm to 680 nm, after excitation at 400 nm.
Shown in Figure 4.4A are the fluorescence decay traces for CT-CA on TiO2 nanoparticles in
solution at different emission wavelengths. The fluorescence at 500 nm shows a faster decay
when compared to the decay at 680 nm and the lifetime gradually increases with the emission
wavelength. Note that there are no growth components in the kinetics at any wavelength,
suggesting the absence of any solvation dynamics. All the fluorescence decay traces (F(t)) of
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CT-CA on TiO2 were fitted with a three-exponential decay function and the average electron
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Figure 4.4 (A) Fluorescence upconversion decay traces at different emission wavelengths for
CT-CA/TiO2 nanoparticles in water and (B) wavelength dependence of amplitudes and the
average electron injection for CT-CA/TiO2 in water
Three lifetimes of 130 fs (instrument response is 250 fs), 850 fs and 8.5 ps were able to fit all
the fluorescence decay traces very well.
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Figure 4.5 (A) Fluorescence upconversion decay traces at different emission wavelengths for
CT-CA/TiO2 thin film and (B) wavelength dependence of amplitudes and the average
electron injection for CT-CA/TiO2 thin film

123

The obtained average lifetimes are plotted versus wavelength in Figure 4.4B (green symbols).
It can be observed that the average electron injection time increases with wavelength,
suggesting that the low lying charge-transfer states inject electrons slowly into the conduction
band of TiO2 nanoparticles. The lifetime components were fixed and the corresponding
amplitudes obtained from the fitting are plotted as a function of wavelength, Figure 4.4B. The
results of Figure 4.4B show that faster electron injection happens at higher energies while
significantly slower electron injection is observed at lower energies. The results are quite
consistent with the idea that faster electron injection proceeds through a non-relaxed ICT
state of CT-CA on TiO2 whereas sufficiently slower electron injection time constants result
from the relaxed ICT state.
4.3.2.3 CT-CA/TiO2 thin films
In addition to the fluorescence decay measurements of CT-CA on TiO2 in water, studies were
also carried out for CT-CA on TiO2 thin films. The films showed little degradation during our
transient fluorescence upconversion measurements, evidence for the good photostability of
the dye on TiO2 nanoparticles. Similar to the decay traces of CT-CA on TiO2 nanoparticles in
water, the fluorescence of CT-CA on the surface of TiO2 decayed quickly, indicating efficient
electron injection. However, slow electron injection components were still observed for CTCA/TiO2 thin films, like CT-CA/TiO2 nanoparticles in solution. The fluorescence decay traces
of CT-CA on TiO2 thin films have also shown wavelength dependence, Figure 4.5A, with the
average lifetime of the ICT state increasing with the monitored emission wavelength, Figure
4.5B. The emission decay traces were also fitted, as a function of wavelength, by a three
exponential function with time constants of 130 fs, 850 fs and 8.5 ps, together with the
corresponding amplitudes shown in Figure 4.5B. Here again, the remaining 20% of the
electron injection happens in a picosecond time scale. One interesting difference between the
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solution and thin film measurements, though, is that the fraction of slow component electron
injection at longer wavelengths is smaller on thin films than in solution. The results provide
evidence that there is sufficient electron injection from the relaxed ICT state of CT-CA on
TiO2 thin films.
4.3.3 Femtosecond transient absorption measurements
Transient fluorescence measurements have shown evidence of slow electron injection from
the dye to TiO2, which indicates the involvement of the relaxed ICT state of CT-CA. To gain
further insights into the dynamics of electron injection and charge recombination,
femtosecond transient absorption measurements were carried out on CT-CA and CTCA/TiO2 nanocomposites in solution and on thin films.
0.030
0.024

0.024

A

CT-CA/MeOH
100 fs to 5 ps

0.020

CT-CA/MeOH
6 ps to 300 ps

0.016

0.012

A

A

0.018

B

0.006

0.012
0.008

0.000

0.004

-0.006

0.000

-0.012
450

500

550

600

650

700

750

Wavelength (nm)

450

500

550

600

650

700

750

Wavelength (nm)

Figure 4.6 Excited state absorption of CT-CA in methanol (a) short time delays (100 fs to 5
ps) and (b) long time delays (6 to 300 ps).
4.3.3.1 CT-CA in methanol
Excited state absorption spectra (ESA) at different time delays, from 100 fs to 5 ps and 6 ps
to 300 ps, are shown in parts A and B of Figure 4.6, respectively. The ESA at 100 fs shows
an absorption centered around 600 nm and a bleach at 490 nm that is attributed to the
absorption of the ICT state. The absorption band blue shifts and grows to form a solvent
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relaxed ICT state with a maximum around 580 nm and a shoulder at 480 nm. The excited
state dynamics of CT-CA in methanol proceeded with solvent relaxation time constants of
350 fs and 2.7 ps, in close accordance with the upconversion time constants. The spectra
obtained from global fit analysis have shown three main time constants: (i) 350 fs ascribed to
internal conversion from locally excited state to ICT state or inertial solvation, (ii) 2.4 ps for
solvation by methanol and formation of solvent stabilized ICT state and (iii) 16 ps
corresponding to the singlet state lifetime. The obtained singlet state lifetime and solvation
time constants agree with the fluorescence upconversion data discussed above.
4.3.3.2 CT-CA on TiO2 nanoparticles in solution
Femtosecond fluorescence upconversion measurements have shown that the fluorescence of
CT-CA is shortened on the surface of TiO2 nanoparticles, with multi-exponential electron
injection time constants. However, fluorescence measurements can only show the singlet
state decay dynamics while transient absorption can provide insights into the intermediate
and charge separated states. Thus, interfacial charge-transfer dynamics of CT-CA on TiO2
nanoparticles was also monitored with femtosecond transient absorption spectroscopy after
excitation at 420 nm. Shown in parts A and B of Figure 4.7 are the ESA at short (100 fs to 3
ps) and long time delays (3 ps to 1.6 ns), respectively.
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Figure 4.7 Excited state absorption of CT-CA/TiO2 solution (a) short time scale (100 fs to 3
ps) and (b) long time scale (3 ps to 1.6 ns) time delays.
At a time delay of 100 fs (immediately after excitation), the ESA of CT-CA on TiO2
nanoparticles consisted of a bleach at 465 nm, as well as a maximum at 604 nm and broad
absorption over 620 nm. The ESA at 604 nm is ascribed to the absorption of the immediate
ICT state whereas the broad absorption in the near infrared can be attributed to electrons in
TiO2 nanoparticles. The presence of charge separated states immediately after excitation
suggests that there is a significant component of electron injection that is instrument response
limited, which corroborates the femtosecond transient fluorescence measurements. In
addition, the fact that ESA of the ICT is still present suggests that there is a slow component
of electron injection from CT-CA to TiO2 nanoparticles. Within 2.5 ps, the ESA of the ICT
state disappears to give rise to a broad absorption with a maximum at 580 nm that is
attributed to the cation radical of the dye. However, at the same time delay, the bleach has not
recovered, evidencing that this is not due to charge recombination but rather due to electron
injection.
The transient fluorescence results and the ESA spectrum measurements confirmed the slow
component of electron injection, which evidence that the local ICT state injects electrons into
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the TiO2 with slow time constants. Injection from similar localized charge-transfer states were
reported for the case of coumarin 343 sensitizing TiO2 and ZnO nanoparticles.43 However,
the electron diffusion from the ICT state of coumarin 343 into the TiO2 is fairly fast because
its energetic position lies well within the conduction band.43 On the other hand, the energetic
position of the ICT state of CT-CA is closer to the conduction band edge or lower in energy,
causing a slower electron injection.61 In addition, multiexponential charge recombination is
observed when the charge-separated species recombine. It can be observed from Figure 4.7B
that the bleach recovery and ESA decay agree with each other, indicating that the dynamics is
dominated by charge recombination at longer time delays. Similar multi-exponential charge
recombination was observed for several dye-sensitized TiO2 nanoparticles.40-42 Another
interesting point to note from Figure 4.7B is that the position of the bleach maximum is quite
different from that of the absorption maximum and the charge recombination dynamics is
accompanied by a shift of bleach maximum, which has not been observed for other organic
dye-sensitized TiO2 nanoparticles.
4.3.3.3 CT-CA on TiO2 nanoparticles thin film
Fluorescence upconversion measurements performed on CT-CA/TiO2 thin films show
kinetics similar to those of CT-CA/TiO2 in solution, although with different contributions of
slow electron injection components. Femtosecond transient absorption measurements of CTCA/TiO2 thin films were also carried out to understand the charge-transfer dynamics. Shown
in Figures 4.8A and 4.8B are the ESA at different time delays for CT-CA/TiO2 thin films
after excitation at 420 nm.
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Figure 4.8 ESA spectra of TPA-CA/TiO2 thin film at (a) short time (150 fs to 3 ps) and (b)
long time delays (3 to 950 ps).
The early ESA measurements, at 600 nm, have shown the presence of an intermediate ICT
state that decays with time to give rise to a charge separated state. However, here also the
bleach did not recover, indicating that this effect is indeed due to electron injection and not
charge recombination. The kinetics of electron injection and charge recombination were fitted
with a multiexponential function (obtained from global fit analysis); the corresponding time
constants are provided in Table 4.2.
Table 4.2 Electron injection and charge recombination time constants for CT-CA/TiO2
nanocomposites. IRL stands for instrument response limited.

Dye/molecule
interface
CT-CA/TiO2
in water

Electron Injection

Charge Recombination

Fluorescence

Transient

Transient absorption

<IRL (66%),
upconversion

<IRL
(70%),
absorption

17 ps (35%),

850 fs (28.7%),

1.9 ps (30%)

> 1 ns (65%)

<IRL (80.5%),

<IRL (80%),

40 ps (35%),

850 fs (16.1%),

2.2 ps (20%)

> 1 ns (65%)

8.5 fs (5.3%)
CT-CA/TiO2
thin film

8.5 fs (3.4%)

Note: Fluorescence upconversion decay was monitored at 540 nm.
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Shown in Figure 4.9 are the comparative kinetic decay traces of charge recombination
monitored at 580 nm for CT-CA in methanol, CT-CA/TiO2 nanoparticles in water and CTCA/TiO2 thin films. The charge separation in CT-CA/TiO2 is evident from the figure and the
dynamics of charge recombination is slightly faster for CT-CA/TiO2 in solution than on thin
film. The fast time constants for charge recombination are attributed to the recombination of
electrons in TiO2 with the cation radical of CT-CA. Although fast charge recombination is
significant for CT-CA/ TiO2 in solution, overall charge separation remained constant for both
solution and thin film samples.
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Figure 4.9 Charge recombination decay traces monitored at 580 nm for CT-CA /TiO2
nanoparticles in water and on thin films and the singlet state decay of CT-CA in methanol.
4.3.3.4 Global fit analysis of the transient absorption spectra
Species associated spectra for all the samples were obtained from global fit analysis of
excited state absorption spectra at different time delays. The corresponding species associated
spectra for CT-CA in methanol, CT-CA/TiO2 in solution and CT-CA/TiO2 thin film are
shown in parts A, B and C of Figure 4.10.
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Figure 4.10 Species associated spectra of (A) CT-CA in methanol (black), (B) CT-CA/TiO2
in solution (red) and (C) CT-CA/TiO2 thin film (blue).
Figure 4.10A shows that the excited states of CT-CA in methanol is dominated by two fast
components of 350 fs and 2.4 ps that can be assigned to ultrafast internal conversion or
inertial solvation and solvation of methanol, respectively. The l6 ps component is attributed
to singlet state decay. As discussed in the main text of the manuscript, the time-resolved
spectra of CT-CA/TiO2 in water (Figure 4.10B) consisted of 1.9 ps electron injection
component followed by longer charge recombination time constants. Similar 2.2 ps time
constant for electron injection followed by longer charge recombination time constants were
observed for CT-CA/ TiO2 in thin film, Figure 4.10C.
4.3.4 Quantum dynamics calculations of electron injection for the CT-CA/TiO2 surface
Important observations were made by means of combined femtosecond transient absorption
and fluorescence upconversion measurements: the electron injection rate from the ICT state is
reduced, the bleach maximum is shifted with respect to the absorption maximum and time
dependent bleach shifts were observed. To gain further insights into the electron injection
dynamics and to understand the origin of the slow component of the electron injection,
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molecular and quantum dynamics calculations were performed for the CT-CA/TiO2 interface
system. The model system is composed of a [TiO2]512 anatase cluster with the CT-CA
molecule adsorbed on the (101) surface in a bidentate bridging configuration. The structure is
contained in a supercell of lateral dimensions 40.89 AO x 30.26 AO and periodic boundary
conditions along the [-101] and [010] directions are applied. Figure 4.11 shows the typical
geometry for the CT-CA/TiO2 structure in vacuum, obtained by molecular mechanics
simulations performed at room temperature. In the typical configuration, the carbazole moiety
is twisted with respect to the phenylethynyl spacer by 52o.

Figure 4.11 Typical geometry obtained by Molecular Mechanics methods utilizing partial
charges gained from the CHELPG method. The typical configuration is defined as the one
|2 d , where
that minimizes the squared deviation functional  (t) = ∑ ∫ |
th
is the coordinate of the k atom and T is much larger than the correlation time interval.
Before discussing the interfacial electron transfer dynamics it is helpful to examine the local
electronic density of states (DOS), on the semiconductor (black) and on the dye molecule
(red), calculated for the typical CT-CA/TiO2 interface structure, Figure 4.11. The calculations
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corroborate the measurement results by evidencing the sensitization of the TiO2 nanoparticle
by the CT-CA dye molecule.

Figure 4.12 Local electronic density of states (DOS) calculated for the typical CT-CA/TiO2
interface structure of Figure 4.11, on the semiconductor (black) and the dye molecule (red).
The Figure features the energy band gap of the TiO2 and the localized states of the dye
molecule. The Fermi level is located at the HOMO state of the molecule, setting the zero of
energy. The CT-CA´s LUMO is located just above the conduction band edge.
Figure 4.12 features the energy band gap of the TiO2 semiconductor, with approximately 3.8
eV, and the localized states of the dye molecule. The Fermi level of the structure is located at
the HOMO state of the molecule, setting the zero of the energy axis, and the CT-CA LUMO
is located just above the conduction band edge. The location of the LUMO is certainly one of
the reasons responsible for the slow component of electronic injection, after the initial
ultrafast injection.
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Figure 4.13 Survival probabilities of the excited electron wavepacket on the CT-CA dye
molecule. Three different situations were considered: i) rigid molecular structure and
disregarding the electron-hole coupling (black), ii) rigid molecular structure taking into
account the electron-hole coupling (red) and iii) taking into account both the thermal nuclear
motion and the electron-hole coupling (blue).
Quantum dynamics calculations for the photoexcited electron-hole wavepacket were carried
out to clarify the electron injection dynamics, Figure 4.13. The quantum dynamics
calculations were performed according to procedures detailed elsewhere,57,72 analyzing three
different situations: i) a rigid molecular structure and disregarding the electron-hole coupling
(black), ii) a rigid molecular structure taking into account the electron-hole coupling (red) and
iii) a dynamic molecular structure and the electron-hole coupling (blue). All the curves show
the same qualitative features. There is an ultrafast electronic injection regime that is
responsible for the transfer of approximately 30% of the electronic charge to the TiO 2 and a
slow transfer regime for the charge remaining in the ICT state. There is little influence of
both the nuclear motion and the electron-hole coupling during the ultrafast transfer. After the
initial injection, the electronic charge is found at both the cyanoacrylic group in the dye and
the TiO2 atoms near the dye. The subsequent electronic injection occurs at a much slower
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pace, with picosecond time scale. During the slow stage, the presence of the hole delays the
electronic transfer even more (blue and red curves versus black curve). Nevertheless, the
nuclear motion has the effect of decoupling the electron-hole pair, assisting the electronic
injection somewhat. The results show two distinct injection regimes: the initial injection,
which takes less than 20 fs and is responsible for the transfer of approximately 70% of the
excited electron wavepacket, and a slower injection dynamics characterized by picosecond
time-scale. The hole, on the other hand, remains stable at the carbazole moiety of the dye
throughout the electronic injection process. The onset of the slow injection regime is ascribed
to the fact that the initial electron transfer is accompanied by a shift of the LUMO level
towards the edge of the conduction band, which delays the injection of the remaining charge
in the ICT state.
The illustrations in Figures 4.14 and 4.15 show the electron and hole dynamics during the
interfacial electron transfer (IET) at several time delays. The charge isosurface slides show
that the electron is initially locate at the acceptor fragment (thiophene and cyanoacrylic
moieties), due to the charge transfer photo-excitation process. Then most of the electronic
charge is quickly injected into the TiO2 cluster. After 12 fs the charge is mostly concentrated
at the cyanoacrylic group and the neighboring TiO2 units in the cluster. It is also noticeable
that the triple bond holds some of the electronic charge. The positive partial charge due to the
hole remains in the donor (carbazole) moiety of the molecule.
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Figure 4.14 Electronic charge isosurfaces obtained from quantum dynamics simulations of
the interfacial electron transfer.

Figure 4.15 Hole isosurfaces obtained from quantum dynamics simulations of the interfacial
electron transfer.
4.3.5 Shift of bleach maximum to longer wavelengths
In addition to the slow electron injection component, a shift in the bleach maximum to longer
wavelengths was observed in the transient absorption spectra of CT-CA sensitized TiO2
nanoparticles in solution and on thin films. Similar shifts in the bleach during charge
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recombination were observed by Ziolek et al.60 in their work on push-pull chromophore
sensitized TiO2 nanocomposites. Although the authors did not discuss this particular
observation, they have suggested that the bleach was influenced by the presence of a positive
absorption in the blue side of the bleach spectrum that shifted the bleach to longer
wavelengths. The result was attributed to transient Stark shifts that arise due to the local
electric fields generated by the charge transfer from the dye to TiO2. This assignment was
inspired by the recent advancements in the understanding of local electric fields and Stark
effects in dye sensitized solar cells74-80 and organic photovoltaics.81-82,
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It was shown by

Pensack et al.81-82 that the charge separation at a donor-acceptor interface in organic
photovoltaics produce local electric fields that result in Stark shifts.83-84
In recent years, several investigations of transient absorption have shown that the bleach of
the dye molecules remain for long time scales, even after the dye molecules were regenerated
by the electrolyte.74-76 The effect has been attributed to the transient Stark effect. Cappel et
al.77 have discussed the effects of local electric fields in dye-sensitized solar cells in their
elegant work using photoinduced absorption. They have shown that transient Stark effects are
ubiquitous in dye-sensitized solar cells, calling attention on the influence of local electric
fields on the photoinduced absorption spectra. Pastore et al.80 have modeled Stark effects in
organic dye-sensitized TiO2 nanoparticles and showed that the cation radicals of the dye can
shift the absorption to higher wavelength regions because of the Stark effect. It should be
mentioned that if Stark effects can be observed at longer time scales, it should be far easier to
observe them in fast time scales, when initial electron injection takes place. Therefore, the
present system, with its unique transient absorption features, can be used as a model system
to probe the occurrence of transient Stark effects.
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Figure 4.16 Transient absorption bleach at different time delays for (A) CT-CA/TiO2 in
water and (B) CT-CA/TiO2 thin film.
Shown in Figures 4.16A and 4.16B are the bleach of CT-CA sensitized TiO2 nanoparticles
for different time delays. It can be observed that the bleach of the dye at 1 ps time delay has a
maximum at 468 nm and it shifts to 480 nm within 1 nanosecond time delay, Figure 4.16A.
Note that the bleach maximum does not agree with the absorption maximum of CT-CA on
TiO2 nanoparticles with a maximum at 410 nm. Similar results were observed for CT-CA on
TiO2 thin films, however, its bleach maximum at 1 ps starts at 460 nm and shifts to 468 nm,
Figure 4.16B. Here again, the bleach maximum does not match the negative of the absorption
spectrum. To understand the reason for the shift of the bleach maximum to longer
wavelengths, we plotted the first derivative of the absorption spectrum for CT-CA on TiO2
surface and correlated it with the bleach observed in transient absorption. A close match of
the bleach spectrum with the first derivative of the absorption spectrum evidences the
influence of local electric fields on the bleach of the dye.
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4.3.6 Correlation of the transient bleach with absorption spectrum
The transient absorption analysis of CT-CA on the TiO2 surface has shown that the bleach
maximum is shifted to longer wavelengths when compared to the absorption spectrum of the
dye on TiO2. Shown in Figure 4.17A and 4.17B are corresponding transient absorption bleach
spectra at a time delay of 1 ps for CT-CA/ TiO2 in solution and on thin films, respectively.
Also, shown are the negative absorption spectra of the CT-CA/ TiO2 in solution and on thin
films.
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Figure 4.17 Change in absorbance, negative of absorption and derivative of absorption plots
for (A) CT-CA/ TiO2 nanoparticles in solution and (B) CT-CA/ TiO2 thin film samples.
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It is quite evident from the figure that the bleach maximum position at 1 ps time constant
(470 nm) for CT-CA/ TiO2 nanoparticles in solution is quite different from that of the
negative absorption maximum of CT-CA/ TiO2 at 388 nm. A similar discrepancy was
observed for CT-CA/TiO2 thin film samples, Figure 4.17B. To have a better understanding,
we have obtained the CT-CA/ TiO2 charge transfer complex absorption by subtracting the
CT-CA absorption. Even the complex’s negative absorption maximum (448 nm) did not
match the bleach maximum observed in the transient absorption bleach for both solution and
thin films, Figure 4.17A and 4.17B.
Also, the negative absorption cannot be attributed to the stimulated emission of CT-CA as its
emission is above 500 nm. As none of the steady-state optical features were able to describe
the transient absorption bleach spectrum, the derivative of the absorption spectral analysis
was invoked. This analysis was inspired by the work of Cappel et al. who have shown that the
electro-absorption spectrum of the dye on TiO2 match the first derivative of the absorption
spectrum of the dye on TiO2 which in turn agrees well with the bleach spectrum of the
photoinduced absorption. This match of the bleach spectrum with electro absorption spectrum
evidences the influences of electric field via Stark shifts. Thus, first derivative of the
absorption spectrum of CT-CA/ TiO2 as well as the charge transfer complex were plotted and
shown in Figures 4.17A and 4.17B. The first derivative of the CT-CA/TiO2 has a bleach
maximum around 455 nm closely matches the transient absorption bleach for CT-CA/TiO2.
Better agreement of the transient absorption bleach spectrum is with the first derivative of the
CT-CA/TiO2 complex absorption, which not only matches the bleach absorption maximum
but also predicts the positive absorption below 450 nm. From the analysis, we infer that the
shift of the bleach maximum to longer wavelengths arise from the local electric fields on the
surface of dye and TiO2.
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For example, if the Stark shift is due to the local electric field that was created at the
chromophore/TiO2 interface, it will be given by equation 4.3: 83-85
E(F) = -F - 

4.3

where E is the absorption maximum of the chromophore on the TiO2 surface, F is the local
electric field,  and

are the corresponding changes in dipole moment and polarizability,

respectively. In the presence of electric fields, the second term dominates the change in
absorption spectrum (A), which is given by equation 4.4.85
A  - 

4.4

Thus, the connection of bleach maximum with the first derivative of the absorption spectrum
of the chromophore on the TiO2 nanostructures can be attributed to the influence of local
electric fields. It was shown by Cappel et al.77 that the first derivative of the absorption
spectrum often matches the electro-absorption spectrum, if the electric field is aligned with
the molecular dipole moment via the Stark effect. In addition, Figures 4.16A and 4.16B show
that the bleach maximum is shifted to longer wavelengths as a function of time delay. This
observation can be attributed to the influence of the injected electron and the cation radical
that shift the bleach maximum to shorter wavelengths at early time delays. With increasing
time delays up to 20 ps, the bleach is further shifted to longer wavelengths, indicating gradual
establishment of Stark effects. This effect is attributed to the reorganization of electrons in
titania and the dye reorientation on the surface.86 Similar gradual establishment of Stark
effects were observed by Oum et al. in their work on D-149 sensitized semiconductor
nanoparticles.86 The present results along with the study of Ziolek et al.60 suggest that local
electric fields significantly affect the transient absorption spectra in the case of chromophores
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with preferential dipolar orientation such as donor-π-acceptor molecules. The orientation of
the ICT dipole is probably the reason why such transient stark effects were observed in D-πA chromophore sensitized TiO2 nanoparticles and not other organic chromophore-sensitized
TiO2. In addition, they can also play a crucial role to use these dye-TiO2 hybrid
nanostructures for nonlinear optical applications87 and to some extent influence solar cell
performance.74-76
4.3.7 Mechanism for electron injection
Combined femtosecond fluorescence, transient absorption and theoretical calculations have
shown multiexponential electron injection for CT-CA sensitized TiO2 nanoparticles. The
transient absorption results have shown that it is the relaxed ICT state, which is injecting
electrons into TiO2. The factors that control the injection from the dye into TiO2 are the
electronic coupling of the dye with the TiO2 and the energetic position of the excited state of
the dye. Several experimental and theoretical investigations have shown that the cyanoacrylic
acid binds strongly to the surface of TiO2, which favors electron injection.52-61The next
parameter is the energetic position of the ICT state with respect to the conduction band edge
of TiO2. For CT-CA, it is necessary to assign the energetic positions for the local ICT state
and relaxed ICT state. Using the oxidation potential of the dye (1.78 V vs standard calomel
electrode (SCE))61 and E0-0 values measured in hexane (2.97 eV), the local ICT state energy
level (Es*/s+ = Es/s+ - E 0-0) was determined to be -1.21 V. This energy level is 0.41 V above the
conduction band potential of the TiO2.88 The energetic position of the relaxed ICT state was
determined from the Stokes shift differences for CT-CA in hexane and compared to that of
methanol. The energetic position was estimated to be around -0.84 V which is closer to the
conduction band edge (-0.80 V). However, if the emission maximum of the dye on TiO2 is
taken as the energetic position of the dye’s relaxed ICT state, it shifts to approximately -0.60
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V, which is slightly below the conduction band edge. Such energetic position of the excited
state of the dye is probably the reason behind the slow electron injection component from
CT-CA into the TiO2. Although the energetic position of the dye is slightly below the
conduction band edge, the electron injection is still possible from the state as the density of
states in TiO2 spans even below the conduction band edge, but it tails off exponentially.
Because the density of states is small below the conduction band edge, slow electron injection
is expected. Further support for the analysis comes from the wavelength dependent electron
injection observed with femtosecond fluorescence upconversion, where the lower energy
decay traces show much reduced electron injection rates, suggesting the involvement of the
states below the conduction band edge. Although slow electron injection components were
observed in push-pull chromophore sensitized TiO2 nanoparticles, it is important to note that
its influence on the overall solar cell efficiencies was found to be minimal.
4.4 Conclusions
Femtosecond fluorescence, transient absorption and theoretical studies of a push-pull
chromophore on TiO2 nanocomposites is reported. The investigated dye, CT-CA, binds
strongly to the TiO2 surface via the carboxylic acid group and photoinjects electrons
efficiently into TiO2 nanoparticles, even though its singlet lifetime is short and dominated by
solvation. Electron injection dynamics was monitored with femtosecond fluorescence
upconversion and transient absorption measurements for the CT-CA/TiO2 system, both in
solution and on thin films. The results show a multiexponential electron injection mechanism:
most of the injection is ultrafast (<150 fs), followed by a slower picosecond electron injection
regime. The slow component of electron injection is assigned to the injection from the ICT
state of the dye. Quantum dynamics calculations also show the presence of a slow component
of electron injection and attribute it to the energetic position of the ICT state, which is close
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or even below the conduction band edge of the TiO2 as well as the residual electron-hole
coupling in the ICT. In addition, shift of transient bleach to longer wavelengths together with
a time-dependent bleach maximum were observed. The shift of bleach maximum to longer
wavelengths was attributed to a transient Stark shift that arises from local electric fields
generated by charge-transfer interactions at the CT-CA/TiO2 interface.
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4.5 Summary



The objectives of the investigation are to understand the dynamics of electron
injection and charge recombination in a donor-π-acceptor chromophore-sensitized
TiO2 nanoparticles. To probe the presence of transient Stark effects arising out of the
local electric fields at the interface of chromophore-sensitized TiO2.



The investigated chromophore with donor-π-acceptor geometry injected electrons
into TiO2 very efficiently and the charge recombination is also slower. The result is
attributed to the inherent charge-transfer character of the chromophore with which it
can efficiently inject electrons.



Time-resolved fluorescence and absorption measurements showed presence of 20%
slow component of electron injection.



The presence of the slower component of electron injection is the result of the
energetic position of the intramolecular charge transfer (ICT) state relative to TiO2
conduction band and is confirmed from quantum dynamics calculations.



Wavelength dependent femtosecond fluorescence upconversion revealed reduced
electron injection rates for the lower energy decay traces, suggesting the involvement
of a state below the conduction band edge in support of slower electron injection
arising from the ICT state



The transient Stark shifts arising out of the local electric fields at the interface of
TiO2 was demonstrated
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CHAPTER 5
COUMARIN DERIVATIVES ON THE SURFACE OF ZnO NANOPARTICLES:
ENHANCED TWO-PHOTON ABSORPTION CROSS-SECTIONS
5.1 Introduction
Two-photon absorption (2PA) is the simultaneous absorption of two-photons of identical or
different frequency photons.

It is an important nonlinear optical (NLO) property that

garnered intense research interests for last two decades. The 2PA cross-sections of
chromophores represent the imaginary part of third order NLO susceptibility and is normally
several orders of magnitude weaker than linear absorption. This process was theoretically
predicted by Maria Goppert Mayer in 19311 and was experimentally observed only in 1964
after the advent of intense lasers. The discovery of ultrashort and intense laser pulses has
ignited the research interest in the 2PA materials. The 2PA process offers inherent advantages
over linear absorption as it uses near infrared photons that scatter less, penetrates deeper and
occurs only at the focus point. Due to these merits, the 2PA materials found applications in
variety of applications that include optical power limiting or sensor protection, 2-6 3D micro
fabrication7-9, two-photon photodynamic therapy12, two-photon microscopy imaging11-13, 3D
data storage and sensors.14-16
For all these applications, materials with large 2PA cross-sections are highly needed. A
number of organic and inorganic materials have been synthesized over the years to obtain
materials with enhanced 2PA cross-sections. Albota and co-workers17 have systematically
studied a number of organic molecules with symmetric D-π-D architectures and obtained
great improvements in their cross-sections. Likewise, organic chromophores with dipolar (D-A), quadrupolar, octupolar, dendritic, cyclic architectures were attempted to obtain
enhanced 2PA cross-sections and they have achieved a good amount of success. The 2PA
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cross-sections of organic chromophores are affected by the conjugation length as well as the
strength of donor and acceptor units. The conjugation length reaches saturation with 2PA
cross-sections and it is difficult to increase the strength of donor or acceptor to make dramatic
improvements. Even though organic chromophores have enjoyed great success with 2PA
materials, synthetic complexity as well as other inherent disadvantages like aggregation and
stability make them less favorable for solid-state applications.
On other hand, organometallic compounds18-27 based on platinum metal coordinated phenyl
di-acetylenes have been considered as viable alternatives because of their additional desirable
characteristics such as of long-lived triplet state and NLO properties in their solid-state.
Nevertheless, organometallic compounds are difficult to synthesize and they have less photo
and thermal stability, which make them difficult for use in two-photon applications. Both
organic and organometallic face aggregation problem when molding them into a solid-state.
This effect deteriorates the number of density (the degree of concentration of countable
molecules) when fabricating them into solid-state devices and shortens their lifetimes as
optical materials.28
Another approach is the use of semiconductor nanomaterials such as CdS,29, 30 CdSe,31 and
GaAs32-38 and metal nanostructures containing gold and silver nanoparticles for two-photon
applications.39-40 Despite encouraging results, research on the 2PA properties of metal and
semiconductor nanomaterials did not go far owing to the difficulties in synthesizing monodispersed nanoscale materials and the lack of improvement in their 2PA properties with the
size or shape. Thus, there is a need for alternative strategies to enhance the 2PA crosssections that do not involve extensive synthesis.
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Our approach is to use hybrid organic/inorganic chromophore functionalized semiconductor
nanoparticles as better 2PA materials. The precedence for this work comes from the data that
was discussed in chapters 3 and 4 where we have shown the presence of local electric fields
in dye-sensitized TiO2 nanoparticles. The local electric fields can contribute to the change in
dipole moment and thus can enhance the 2PA cross-sections of chromophores. The approach
of chromophore functionalized semiconductor nanomaterials is depicted in Scheme 5.1. In a
previous work, our research group has shown 2PA enhancement for some organic
chromophores functionalized on the surface of TiO2 nanoparticles.41 In that work, riboflavinfunctionalized TiO2 nanoparticles in solution have shown increase in 2PA cross-section with
good photo-stability on TiO2 nanoparticle surface. The result suggested that the increase in
2PA cross-sections for the dyes on the surface of the TiO2 is due to the presence of charge
transfer character between the chromophores and TiO2 nanoparticles as well as additional
local electric fields. However, the accurate determination of 2PA cross-sections on the
surface of TiO2 nanoparticles is not straightforward as the luminescence of chromophores is
mostly quenched on the surface of TiO2. In contrast, the electron transfer from chromophore
to ZnO is often slow making less efficient quenching of luminescence, which makes the
measurement of emission quantum yield more accurate.



Scheme 5.1 Research approach to synergistically enhance the 2PA cross-sections of
chromophores by decorating them on reactive semiconductor nanoparticles
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Thus, we have investigated dynamics and 2PA properties of two new coumarin derivatives
(Coum-Cat1, Coum-Cat2, see Scheme 5.2 for structures) on the surface of ZnO nanoparticles.
Both molecules have been chosen because they possess efficient π-conjugation, strong donoracceptor groups, high extinction coefficient, and large fluorescence quantum yield. In
addition, these two coumarin derivatives with catechol as anchoring groups can form a
ground state charge-transfer complex with ZnO nanoparticles that can enhance the 2PA
cross-sections. Femtosecond fluorescence and transient absorption measurements are carried
out to probe the charge carrier dynamics in addition to measuring their 2PA cross-sections.
The present investigation is designed to shed light into the synergistic 2PA enhancements for
chromophores stabilized on semiconductor nanoparticles that can provide a novel way to
efficient NLO materials.

Scheme 5.2 Structures of the investigated organic chromophores
5.2 Experimental
5.2.1 Materials
Zinc acetate dihydrate, sodium hydroxide and ethanol were obtained from Aldrich. All
samples were used as received unless otherwise stated. Coum-Cat1 and Coum-Cat2 were
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synthesized in Professor Ekkehard Sinn’s laboratory at the Department of Chemistry,
Western Michigan University. Detailed synthesis of the investigated chromophores is
provided below.
5.2.2 Synthesis
5.2.2.1 Synthesis of ZnO nanoparticles
ZnO nanoparticles were synthesized following the procedure of Muelenkamp42 with slight
modification. In a typical synthesis, 0.29 grams (7 mmol) of lithium monohydrate
(LiOH.H2O) was dissolved in 50 mL of ethanol by sonication and then chilled to 0 oC. In
another flask, 1.10 grams (5 mmol) of zinc acetate dihydrate (Zn(Ac)2.2H2O) was dissolved
in 50 ml ethanol and chilled to 0 oC while stirring. The LiOH.H2O solution was then added to
the zinc acetate (Zn(Ac)2) suspension drop wise with constant stirring. The addition of LiOH
is complete in 1 minute. After that, the solution mixture was kept in a water bath that was set
to a temperature of 55 oC for 2 hours to obtain aged ZnO nanoparticles. The ZnO
nanoparticles were characterized with UV/Vis absorption and steady-state luminescence
measurements. From the onset of absorption as well as band-edge luminescence peak and
using the Brus’s equation,43 the size of ZnO nanoparticles was determined.
5.2.2.2 Synthesis of Coum-Cat1 and Coum-Cat2
The synthetic route for obtaining the chromophores (Coum-Cat1 and Coum-Cat2) is shown
below.
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Scheme 5.3 Synthesis route used to synthesize coumarin derivatives used in the present study
(Collaboration: Ekkehard Sinn)
Synthesis of compound 1: 1.4 g (7.24 mmol) of 4-Diethylamino-2-hydroxybenzaldehyde,
0.80 ml (7.96 mmol) of ethyl nitroacetate, and 0.1 ml piperidine and 0.2 ml glacial acetic acid
were transferred into a round bottom flask containing 20 ml of n-butanol and the reaction
mixture was refluxed for 12 hrs. Orange solid product was recovered after the reaction
mixture was cooled in an ice-bath. The solid product was filtered and washed with (2 x10 ml)
n-butanol and the purified product was finally dried by passing vacuum through it, which
yielded an orange solid product (1.7 g, 90% yield).
Synthesis of compound 2: 10 mmol SnCl2.2H2O and 20 ml of 15 % HCl were transferred
into a 100 ml round-bottom flask. To the reaction mixture, 1 g (4.3 mmol) compound 1 was
added drop wise and the solution was stirred at room temperature for 6 hrs. Then the excess
acid was neutralized using 5 M NaOH solution. The aqueous phase was extracted three times
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with 30 ml of ethyl acetate. The organic layer was dried with anhydrous Na 2SO4 and
evaporated to dryness and finally a yellow semi solid product was formed.
Synthesis of compound Coum-Cat1 and Coum-Cat2: In a 25 mL flask (0.20g, 1mmol) of
compound 2 and 2, 3-dihydroxybenzaldehyde and 3, 4-dihydroxybenzaldehyde (0.12g,
1mmol) were separately suspended in 20 mL ethanol. Both mixtures were refluxed for 12 hrs.
with stirring, during which time orange precipitates formed. The precipitates were separated
by filtration and washed with 3 x 10 mL ethanol. After drying, a bright orange solid was
obtained with 80-85% yield.
5.2.3 Methods
Optical absorption and emission measurements were carried out using a Shimadzu UV 2101
PC absorption spectrometer and an Edinburgh spectrofluorometer respectively. The quantum
yields of the molecules were measured using a known procedure44 and coumarin 485 was
used as a standard in all cases unless otherwise stated. In order to obtain the 2PA crosssection () of the studied chromophore-functionalized ZnO nanopartcle, A two-photon
excited fluorescence (TPEF) technique was employed. Again, a 10-4 M coumarin 485 solution
in methanol was used as a two-photon standard over a wavelength range of 710 nm - 900 nm
by using the two-photon cross sections of the standard in methanol.44, 45
The charge-transfer dynamics between the chromophores and ZnO nanoparticle were studied
using the femtosecond fluorescence up-conversion technique described elsewhere.46,

47

Briefly, the up-conversion system used in our experiments was obtained from CDP
Instruments, Inc., Russia. In the present investigation, studies were carried out with the
second harmonic (400 nm) of the fundamental Ti:Sapphire laser at 800 nm, as the excitation
source. Polarization of the excitation beam for the magic-angle fluorescence and anisotropy
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measurements was controlled using a Berek compensator, and the sample was continuously
rotated with a rotating cell of thickness 1 mm. Horizontally polarized fluorescence emitted
from the sample was up-converted in a non-linear crystal of -barium borate using a pump
beam at 800 nm, which first passed through a variable delay line. The Instrument response
function (IRF) was measured using Raman scattering from water. Fitting the Gaussian peak
from the Raman scattering yielded a sigma value of 120 fs which gave a full width
halfmaximum (FWHM) of 250 fs. Spectral resolution was achieved by using a double
monochromator and a photomultiplier tube. The excitation average power varied during
experiments but was mostly in the range of 3.5 ± 0.5 mW.
Femtosecond transient absorption investigations were carried out at the Center for Nanoscale
Materials, Argonne National Laboratoy, IL, Chicago. The detailed technique of the transient
absorption set-up and operation is published elsewhere.48 Briefly, a Spectra-Physics Tsunami
Ti:Sapphire 75 MHz oscillator was used to seed a 1.666 kHz Spectra-Physics Spit-Fire Pro
regenerative ampliﬁer with 150 fs pulsewidth. 95 % of the output from the ampliﬁer is used
to pump a TOPAS optical parametric ampliﬁer (OPA), which is used to provide the pump
beam in the Helios transient absorption setup. The remaining 5 % of the ampliﬁer is focused
onto a sapphire crystal to create a white light continuum to serve as the probe beam. The
pump beam was depolarized and chopped at 833 Hz and both pump and probe beams were
overlapped in the sample.
5.3 Results and Discussion
5.3.1 Optical absorption and steady-state fluorescence measurements
Figure 5.1A and 5.1B show the normalized electronic absorption and steady state
fluorescence spectra of Coum-Cat1 and Coum-Cat2 in ethanol and on the surface of ZnO
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nanoparticles. It can be observed from Figure 5.1A that the absorption maximum of CoumCat1 in ethanol is around 440 nm while that of Coum-Cat1/ZnO is shifted longer wavelengths
to 460 nm and broadened. The sample turned from pale green to yellow on the surface of
ZnO nanoparticles. This shift in the absorption maximum on the surface of ZnO nanoparticles
is ascribed to Coum-Cat1/ZnO charge-transfer complexation. It has been well reported that
catechol anchoring group binds strongly with the surface of ZnO. In addition, the
fluorescence maximum is shifted dramatically from 490 nm to 550 nm on the surface of ZnO.
Both the shift in absorption and fluorescence spectra indicate strong charge-transfer
complexation between Coum-Cat1 and ZnO.
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Figure 5.1 Optical absorption and steady-state fluorescence spectra of (A) Coum-Cat1 in
ethanol and on the surface of ZnO (B) Coum-Cat2 in ethanol and on the surface of ZnO
As observed in the case of Coum-Cat1 on ZnO, Coum-Cat2 also forms a charge-transfer
complex with ZnO, Figure 5.1B. Both the absorption and fluorescence maxima of CoumCat2 are shifted to longer wavelengths when the dyes are bound to ZnO nanoparticles. The
association of chromophores with ZnO nanoparticles was monitored by titrating with
increasing concentration of ZnO. Shown in Figure 5.2A are the absorption spectra of CoumCat2 with increasing concentration of ZnO nanoparticles. The corresponding Benesi-
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Hildebrand plot for Coum-Cat2 is shown in Figure 5.2B. The association constant was
determined from the slope and intercept of Benesi-Hildebrand plot and it was found to be
around 9.4±0.9 x 104 M-1 for Coum-Cat1 and 6.5±0.8 x 104 M-1 for Coum-Cat2. The
association constants signify that the chromophores interact very strongly with the surface of
ZnO nanoparticles.
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Figure 5.2 (A) Optical absorption spectra of Coum-Cat2 with increasing concentration of
ZnO. (B) Corresponding Benesi-Hildebrand plot that was used to obtain the association
constants
In addition, the Stokes shifts for chromophores on ZnO were significantly higher when
compared to free chromophores in ethanol. The Stokes shift increased from 2277 cm-1 for
Coum-Cat1 in ethanol to 3623 cm-1 of Coum-Cat1/ZnO and 2555 cm-1 for Coum-Cat2 to
3323 cm-1 of coum-Cat2/ZnO. This shift is again attributed to the charge-transfer
complexation. Comparison of the two Coum-Cat1 and Coum-Cat2 functionalized ZnO
indicated that Coum-Cat1 on ZnO has higher stokes’ shift (3623 cm-1) than its counterpart
Coum-Cat2/ZnO (3323 cm-1) and therefore higher change in dipole moment is expected for
Coum-Cat1 on ZnO, Table 5.1. It was also apparent from the results that the fluorescence
quantum yield decreased drastically when the dye is bound to the ZnO nanoparticle. The
quantum yield has decreased by more than two orders of magnitude on the surface of ZnO
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nanoparticles pointing to stronger electronic interaction of the dye with the surface of ZnO
nanoparticles.
Table 5.1 One and two-photon optical properties of Coum-Cat1 and Coum-Cat2 in ethanol
and on the surface of ZnO
Sample

Abs. max
(nm)

Em. max
(nm)

QY ()

Stokes’ shift
(cm-1)

TPACS (GM)
@ 750 nm

440

489

0.32

2277

10  1 GM

460

552

0.002

3623

240  40 GM

441

497

0.34

2555

8  1 GM

470

557

0.002

3323

90  13 GM

Coum-Cat1 /
EtOH
Coum-Cat1 /
ZnO
Coum-Cat2 /
EtOH
Coum-Cat2 /
ZnO

5.3.2 2PA cross-sections
Similar to one-photon measurements, the two-photon excitation has also shown stronger
charge-transfer state’s luminescence for Coum-Cat2 on ZnO with 800 nm laser excitation,
Figure 5.3A. Also, shown in Figure 5.3B is the power dependence plot that shows the
luminescence arises out of two-photon excitation.
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Figure 5.3 (A) Two-photon excited fluorescence scans for Coum-Cat2 in ethanol and CoumCat2 on the surface of ZnO. (B) Power dependence of the fluorescence with 800 nm
excitation and a slope of 2 confirms that it is arises out of two-photon excitation
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The 2PA cross-section of the investigated dyes in ethanol and on ZnO nanoparticle were
determined using two-photon excited fluorescence (TPEF) technique in the wavelength
region from 710 nm to 880 nm. Even though the fluorescence quantum yields for the
chromophores on ZnO nanoparticles are smaller than the dyes in solution, the quantum yields
were still measurable and hence TPEF technique was used to determine their 2PA crosssections. Shown in Figure 5.4A and 5.4B are the 2PA cross-section plots for Coum-Cat1 and
Coum-Cat2 in different media, respectively. Corresponding maximum 2PA cross-sections are
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Figure 5.4 2PA cross-sections at different wavelengths for (A) Coum-Cat1 in ethanol and
Coum-Cat1/ZnO and (B) Coum-Cat2 in ethanol and Coum-Cat2/ZnO
It is evident from Figure 5.4A that the 2PA cross-sections of Coum-Cat1 on the ZnO have
shown 20-fold enhancement when compared to free Coum-Cat1 in ethanol. Similarly, 12-fold
enhancement is observed for Coum-Cat2/ZnO when compared to Coum-Cat2 in ethanol,
Figure 5.4B. The observed enhancement is attributed to the increased charge-transfer
character for the dyes on the surface of ZnO nanoparticles. Large Stokes shifts are also
observed for the chromophores on ZnO that are strong indicators of efficient charge-transfer
complexes. Further, it can be observed that Coum-Cat1 on ZnO has larger Stokes shift over
Coum-Cat2 on ZnO and hence has much larger 2PA cross-section enhancement for Coum-
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Cat1 when compared to Coum-Cat2. In addition, time-resolved fluorescence and transient
absorption measurements were carried out to probe the nature of the charge-transfer
intermediates for the investigated chromophores on the surface of ZnO nanoparticles.
Overall, the results proved that there is strong interfacial electronic coupling and chargetransfer between the chromophores and ZnO nanoparticle and they are responsible for
enhancing the 2PA cross-sections of the chromophores.
5.3.3 Fluorescence upconversion measurements
To understand the factors that control the 2PA cross-section enhancement for the
chromophores on ZnO, it is necessary to understand the excited state interactions of the
chromophores in solution and on the surface of ZnO. Time-resolved fluorescence
measurements can provide us the dynamics of fluorescent species with and without ZnO. The
measurements were carried out on the investigated chromophores in ethanol and on the
surface of ZnO nanoparticles after excitation at 400 nm. Figure 5.5A and 5.5B show the
comparison of fluorescence decay traces of Coum-Cat1 and Coum-Cat2 in the presence and
absence of ZnO nanoparticles monitored at 500 nm. It can be observed from Figure 5.5A and
5.5B that both the Coum-Cat1 and Coum-Cat2 show similar decay profiles where the
dynamics is dominated by 250 fs decay component followed by > 1 ns singlet state decay.
The ultrafast component for the free dye is attributed to cis-trans isomerization around N=C
bond. On the other hand, the fluorescence decay on the surface of ZnO nanoparticles show
different decay profiles when compared to free dyes. For example, the fluorescence decay of
Coum-Cat1/ZnO at 500 nm is fitted very well with a multi-exponential function comprising
of 150 fs (80.4%), 3.5 ps (8.8%) and 530 ps (10.9%) components. The first two components
are ascribed to charge-transfer from the chromophore to ZnO and formation of the chargetransfer complex of Coum-Cat1/EtOH followed by charge recombination. Similarly, the
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decay at 500 nm for Coum-Cat2/ZnO is fitted with 220 fs (71.0%) and 780 ps (29.0%). Here
again, it is observed that the fast component is less pronounced on the surface of ZnO and
followed by faster charge recombination kinetics. Further confirmation of charge transfer
states is obtained by following the luminescence of Coum-Cat2 at 540 nm, Figure 5.5C. As
observed in the case of 500 nm for Coum-Cat2/EtOH, the decay of Coum-Cat2 at 540 nm is
also dominated by a 250 fs component (95.3%) followed by a singlet state decay of greater
than 1 ns (4.7%). In contrast, the fluorescence decay of Coum-Cat2/ZnO at 540 nm has
shown both growth and decay components. The fluorescence trace at 540 nm is fitted with
250 fs (12.5%), 35 ps (growth, 38.4%) and 600 ps (87.5%) components. The growth
component is attributed to the formation of the charge transfer state, which is accompanied,
by solvation and 600 ps matches quite well with the charge recombination time constants.
Further evidence for the formation of the charge-transfer intermediates and charge transfer
dynamics can be obtained from femtosecond transient absorption measurements.
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Figure 5.5 Fluorescence decay traces for (A) Coum-Cat1 in ethanol and on the surface ZnO
monitored at 500 nm, (B) Coum-Cat2 in ethanol and on the surface of ZnO monitored at 500
nm and (C) Coum-Cat2 in ethanol and on the surface of ZnO monitored at 540 nm

5.3.4 Femtosecond transient absorption measurements
To gain further insights into the excited state dynamics and charge-transfer intermediates of
the investigated chromophores on the surface of ZnO nanoparticles, femtosecond transient
absorption measurements after excitation at 420 nm were carried out. Shown in Figure 5.6A
are the excited state absorption (ESA) spectra at different time delays from 100 fs to 350 ps
for Coum-Cat1 in ethanol. The ESA at 100 fs comprised a positive absorption feature with a
maximum around 520 nm that decays rapidly to give rise to new positive absorption at 470
nm and a stimulated emission feature at 560 nm. The kinetic decay traces at 545 nm is fitted
with a decay component of 18 ps followed by long-lived stimulated emission while the 480
nm transient absorption feature shows a growth with a time constant of 18 ps followed by
long-lived decay, Figure 5.5B. The ESA at 520 nm is attributed to immediate intramolecular
charge-transfer (ICT) state that relaxes in time to give rise to solvent-stabilized ICT state that
is long-lived. The global fit analysis has also confirmed the presence of two states where one
state decays with 18 ps decay component to give rise to long-lived excited state. It is
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interesting to note the absence of 250 fs decay component that was present in femtosecond
luminescence measurements. This can be attributed to the nature of the excited states and that
the ESA from the cis-state has very small oscillator strength.
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Figure 5.6 (A) Excited state absorption spectra at different time delays from 100 fs to 350 ps
for Coum-Cat1 in ethanol, (B) Kinetic decay traces of Coum-Cat1/EtOH monitored at 480
nm (red) and 545 nm (black). Both the decay traces are fitted with lifetimes of 18 ps and > 1
ns. The results show that the excited states decay from the locally excited state to long-lived
intramolecular charge transfer states. (C) Species associated spectra obtained from global fit
analysis.
The transient absorption spectra at different time delays for Coum-Cat1/ZnO are shown in
Figure 5.7A. There are sharp differences between the ESA of Coum-Cat1 in ethanol and on
the surface of ZnO nanoparticles. The ESA immediately after excitation for Coum-Cat1 on
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ZnO is centered around 580 nm which decays with time to give rise to stimulated emission
with a maximum around 545 nm. The transient absorption feature observed immediately after
excitation is attributed to the ESA of the immediate charge-transfer state between Coum-Cat1
and ZnO. As the time progresses, initial charge-transfer state decays to give rise to relatively
longer-lived luminescing state with a maximum at 545 nm. Note that the steady-state
emission for Coum-Cat1 on ZnO is around 550 nm, which matched closely with the present
stimulated emission maximum. Global fit analysis shows that the CT state decays with time
constants of 2.3 and 23 ps to give rise to a > 300 ps decay component with a stimulated
emission maximum at 545 nm, Figure 5.7B. The kinetic decay traces support the faster
recombination of CT state to give rise to the stimulated emission, Figure 5.7C. The present
transient absorption results confirm the presence of different ESA features for Coum-Cat1 on
ZnO that were attributed to the CT states that recombine with time.
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Figure 5.7 (A) Excited state absorption spectra at different time delays from 100 fs to 150 ps
for Coum-Cat1 on ZnO nanoparticles, (B) Species associated spectra obtained from global fit
analysis (C) Kinetic decay traces of Coum-Cat1/ZnO monitored at 590 nm and 550 nm. Both
the decay traces are fitted with lifetimes of 3.2 ps, 23 ps and > 300 ps. The first two decay
components are attributed to the formation of charge transfer states on the surface of ZnO
nanoparticles.
Similarly, time-resolved absorption measurements are carried out on Coum-Cat2 in ethanol
and on the surface of ZnO. It is interesting to observe from ESA spectra of Coum-Cat2 in
ethanol that the singlet state lifetimes are significantly different from that of Coum-Cat1.
Although both chromophores are similar except for the chromophore substitution, the
dynamics of their excited states are significantly altered. Shown in Figure 5.8A are the ESA
spectra at different time delays from 350 fs to 30 ps for Coum-Cat2 in ethanol after excitation
at 420 nm. Interestingly, all the ESA spectra show a growth component that has a lifetime of
200 fs suggesting the relaxation from cis-excited state to the trans-excited state. The ESA at
350 fs time delay consists of two positive features, one at 490 nm and another at 600 nm
along with a broad featureless negative absorption greater than 630 nm. The ESA features
relax to the ground state. Global fit analysis has yielded two main decay components of 1.5
ps and 18 ps in addition to long-lived singlet state decay, Figure 5.8B. The kinetics monitored
at different wavelengths also show fast relaxation components as shown in Figure 5.8C. The
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transient absorption results show that the dynamics of Coum-Cat2 in ethanol is different from
that of Coum-Cat1 and the relaxation is relatively faster and the ESA features are very
different. It will be interesting to see how the transients will be affected when the
chromophore is on the surface of ZnO.
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Figure 5.8 (A) Excited state absorption spectra at different time delays from 300 fs to 30 ps
for Coum-Cat2/EtOH (B) Species associated spectra obtained from global fit analysis and (C)
Kinetic decay traces of Coum-Cat2/EtOH monitored at 580 nm and 690 nm. Both the decay
traces are fitted with lifetimes of 1.5 ps, 18 ps and > 1 ns.
The ESA spectra at different time delays from 200 fs to 80 ps are shown in Figure 5.9A for
Coum-Cat2/ZnO. Although the ESA of Coum-Cat1 and Coum-Cat2 are different, the ESA of
Coum-Cat1 and Coum-Cat2 at a time delay of 200 fs matched with one another. This result
suggest that as the chromophore is similar in both cases, the charge-transfer complex arising
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out of the chromophore will have similar CT features. The ESA features at a time delay of
200 fs are ascribed to the charge-transfer complex between Coum-Cat2 and ZnO. With time,
the CT relaxes and gives rise to negative feature with a maximum at 550 nm and a positive
absorption feature below 480 nm. The negative feature at 550 nm coincides well with the CT
luminescence. Thus, this state is attributed to the CT luminescent state of Coum-Cat2 and
ZnO. Global fit analysis has yielded two main relaxation components (2.3 ps and 24 ps)
showing the initial charge transfer state’s ESA, which lead to relatively long lived CT state.
The kinetic decay traces at 600 nm and 500 nm confirm the presence of locally excited CT
state and relaxed CT luminescent state.
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Figure 5.9 (A) Excited state absorption spectra at different time delays from 200 fs to 80 ps
for Coum-Cat2 on ZnO nanoparticles, (B) Species associated spectra obtained from global fit
analysis (B) Kinetic decay traces of Coum-Cat2/ZnO monitored at 500 nm and 600 nm. Both
the decay traces are fitted with lifetimes of 650 fs, 6.5 ps and > 1 ns. The first two decay
components are attributed to the formation of charge-transfer states on the surface of ZnO
nanoparticles.
Overall, the lifetimes and ESA spectra of chromophores in ethanol and on ZnO nanoparticles
have revealed comprehensive information about the nature of the transient intermediates,
Table 5.2. The lifetimes and transients of Coum-Cat1 and Coum-cat2 in ethanol are
dominated by solvation dynamics to form a solvent-stabilized ICT state, which decays back
to the ground state. However, the lifetime of Coum-Cat2/EtOH is shorter than that of CoumCat1/EtOH, partly attributed to meta functionalization of the catechol anchor group for the
later. However, on the surface of ZnO, both chromophores show the ESA of the chargetransfer state between the chromophore and ZnO. As the cation radical in the case of CT state
is localized on the coumarin chromophore, the ESA spectra are similar in both cases. The
results confirm the presence of the charge-transfer intermediate in both the dyes-sensitized
ZnO nanoparticles. With increase in time, this CT state relaxes by injecting electrons into
ZnO nanoparticles ultimately giving rise to the CT luminescence, which is long lived.
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Table 5.2 Lifetimes of the excited states obtained from transient absorption measurements

Sample

Lifetimes

Coum-Cat1/EtOH

0.8 ps, 18 ps and > 1 ns

Coum-Cat1/ZnO

3.2 ps, 23 ps and > 200 ps

Coum-Cat2/EtOH

1.5 ps, 18 ps and > 1 ns

Coum-Cat2/ZnO

2.3 ps, 24 ps and > 100 ps

5.3.5 Mechanism of 2PA cross-section enhancement
The 2PA cross-section measurements have shown 20-fold and 12-fold enhancements in 2PA
cross-sections for chromophores when they are attached to ZnO nanoparticles. Steady-state
absorption and fluorescence measurements suggest strong CT complex between the
chromophores and ZnO nanoparticles. The presence of excited CT state and relaxed CT
luminescence state is confirmed from combined femtosecond transient absorption and
fluorescence upconversion measurements. As the chromophores form CT complex, the
change in dipole moment of the chromophore on the surface of ZnO nanoparticles will be
increased there by enhancing the 2PA cross-sections. So, one main reason behind the 2PA
enhancement can be attributed to the increased change in dipole moment for the
chromophores on the surface of ZnO. In a simple two-state model based on sum-over states
formalism,49, 50 the 2PA cross-section (2-state) is given by the following expression:
|⃗⃗⃗⃗⃗⃗⃗ | |⃗⃗⃗⃗⃗⃗⃗⃗⃗ |

5.1

where, ⃗⃗⃗⃗⃗⃗⃗ is the transition dipole moment vector between the ground state (g) and excited
state (e), ⃗⃗⃗⃗⃗⃗⃗⃗⃗ the difference between the permanent dipole moments in the ground and
excited state and

is the angle between these two vectors,
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is the normalized line shape

function,

is the refractive index, the speed of light,

the local field factor (optical) given by
transfer character,

is the Planck’s constant, and

is

. For chromophores with a charge-

is proportional to the square of ⃗⃗⃗⃗⃗⃗⃗⃗⃗ and ⃗⃗⃗⃗⃗⃗⃗ . Any process or

phenomenon that can increase these two parameters will enhance the 2PA cross-sections.
The charge transfer complex between the chromophore and ZnO increases the change in
dipole moment and thus responsible for the enhancement of 2PA cross-section. In addition,
the ZnO nanoparticles are negatively charged and has a local electric field on the surface of
ZnO because of the coulombic interactions between the negatively charged ZnO surface and
Li+ or H3O+ ions. This local electric field can also enhance the 2PA cross-section because of
the induced change in dipole moment, which can be expressed as:49, 50
5.2
where

corresponds to the permanent dipole moment change in the zero field situation,
is the change in polarizability between ground and excited states. This

dependence makes

very sensitive to the local surface electric field (E) on the

nanoparticles and thus enhanced the 2PA cross-sections.
5.4 Conclusions
The synthesis, 2PA properties and charge transfer dynamics of two coumarin derivatives
functionalized ZnO nanoparticles is reported. The two chromophores, Coum-Cat1 and CoumCat2 bind strongly with the surface of ZnO nanoparticles forming a ground state CT complex.
The 2PA cross-section measurements have shown synergistic cross-section enhancements
amounting to 20-fold and 12-fold for one chromophore when they are attached to ZnO
nanoparticles. If we take an estimate of 100 chromophores for each nanoparticle, crosssections around 20,000 GM are achieved for each nanoparticle, which is unprecedented for
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semiconductor nanoparticles. Also, the chromophores have shown little effect of aggregation
making them suitable for solid-state applications. The present results have shown a novel way
of enhancing the 2PA cross-sections by appropriately placing them on a reactive
semiconductor

nanoparticle

surface.

Femtosecond

luminescence

and

absorption

measurements performed on the chromophores in ethanol and on the surface of ZnO
nanoparticles have confirmed the presence of an excited CT state that relaxes to give rise to
electrons in ZnO and a CT luminescent state. The enhanced 2PA cross-sections are attributed
to increased dipole moments with the formation of a CT state. The dipole moments of the
chromophores are further increased because of the local surface electric fields. The results
also point to the use of the local surface electric fields in enhancing the 2PA cross-sections of
chromophores at dye-semiconductor interfaces.
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5.5 Summary



The objectives of the investigation are to study the 2PA properties of newly
synthesized coumarin derivatives at the interface of semiconductor nanoparticles. To
understand the mechanism behind the 2PA enhancement via probing the interfacial
charge-transfer dynamics



Coumarin derivatives with catechol anchoring groups bind strongly with the ZnO
nanoparticles forming a ground state charge-transfer (CT) complex.



Superior enhancement of 2PA cross-section per nanoparticle unit was observed for
chromophores attached to ZnO nanoparticles. 2PA cross-sections enhancement of 20fold and 12-fold were achieved for chromophores bound to ZnO nanoparticles.



Enhanced 2PA cross-sections were attributed to increased dipole moments with the
formation of a CT state.



Present results have shown that the 2PA cross-sections can be enhanced on the
semiconductor nanoparticles and can be used as an effective strategy to obtain
materials with greater 2PA properties.

177

5.6 References
1. Goppert-Mayer, M. Über Elementarakte mit zwei Quantensprüngen. Ann. Phys. 1931, 9,
273.
2. Tutt, L. W.; Kost, A. Optical limiting performance of C60 and C70 solutions Nature 1992,
356, 225.
3. Spangler, C. W. J. Mater. Chem. 1999, 9, 2013.
4. Wang, J; Blau, W. J Inorganic and hybrid nanostructures for optical limiting J Opt A: Pure
Appl. Opt. 2009, 11¸ 024001 and references therein.
5. Lemercier, G; Multaier, J -C; Martineau, C; Anemau, R; Andraud, C; Wang, I; Stephan, O;
Amari, N; Baldeck, P .Comptes Rendus Chimie¸ 2005, 8, 1308.
6. Hollins, R. C Materials for optical limiters Current Opinion in Solid State and Materials
Science, 1999, 4, 189.
7. Cumpston, B. H. et al., Nature 1999, 398, 51-54.
8. Zhou, W.; Kuebler, S. M.; Braun, K. L.; Yu, T.; Cammack, J. K.; Ober, C. K.; Perry, J. W.;
Marder, S. R.. Science 2002, 296, 1106-1109.
9. Maruo, S.; Nakamura, O.; Kawata, S. Opt. Lett. 1997, 22, 132-134.
10. Bhawalkar, J. D.; Kumar, N. D.; Zhao, C. F.; Prasad, P. N. Bhawalkar,J.D.; Kumar, N.D.;
Zhao, C.F. & Prasad, P.N. J. Clin. Laser Med. Surg. 1997, 15, 202-204.
11. Denk, W.; Strickler, J. H.; Webb, W. W. Science .1990, 248, 73-76.
12. Xu, C.; Zipfel, W.; Shear, J. B.; Williams, R. M.; Webb, W. W. Proc. Natl. Acad. Sci.
U.S.A. 1996, 93, 10763-10768.
13. Larson, D. R.; Zipfel, W. R.; Williams, R. M.; Clark, S. W.; Bruchez, M. P.; Wise, F. W.;
Webb, W. W. 2003, 300, 1434- 1436.
14. Parthenopoulos, D. A.; Rentzepis, P. M.. 1989, 245, 843-845.

178

15. Strickler, J. H.; Webb, W. W. Opt.Lett. 1991, 16, 1780-1782.
16. Belfield, K. D.; Schafer, K. J. 2002, 14, 3656-3662.
17. Albota, M. et al. Science. 1998, 281, 1653-1656.
18. Rogers, J. E.; Cooper, T. M.; Fleitz, P. A.; Glass, D. J.; McLean, D. G. J. Phys. Chem. A .
2002, 106, 10108-10115.
19. Rogers, J. E.; Hall, B. C.; Hufnagle, D. C.; Slagle, J. E.; Ault, A. P.; McLean, D. G.;
Fleitz, P. A.; Cooper, T. M. J. Chem. Phys. 2005, 122, 214708-214715.
20. Cooper, T. M.; Krein, D. M.; Burke, A. R.; McLean, D. G.; Rogers, J. E.; Slagle, J. E.;
Fleitz, P. A. J. Phys. Chem. A. 2006, 110, 4369-4375.
21. Rogers, J. E.; Slagle, J. E.; Krein, D. M.; Burke, A. R.; Hall, B. C.; Fartini, A.; McLean,
D. G.; Fleitz, P. A.; Cooper, T. M.; Dorbizhev, M.; Makarov, N. S.; Rebane, A.; Kim, K.Y.; Farley, R.; Schanze, K. S. Inorg. Chem. 2007, 46, 6483.
22. Cooper, T. M.; McLean, D. G.; Rogers, J. E. Chem. Phys. Lett. 2001, 349, 31.
23. Powell, C. E.; Humphrey, M. G. Chem. Rev. 2004, 248, 725.
24. Haskins-Glusac, K.; Ghiviriga, I.; Abboud, K. A.; Schanze, K. S. J. Phys. Chem. B 2004,
108, 4969.
25. Casalboni, M.; Sarcinelli, F.; Pizzoferrato, R.; D’Amato, R.; Furlani, A.; Russo, M. V.
Chem. Phys. Lett. 2000, 319, 107.
26. Vestberg, R; Westlund, R; Eriksson, A; Lopes, C; Carlsson, M; Eliasson, B; Glimsdal, E;
2006, 39, 2238.
27. Ramakrishna, G; Goodson, T. III; Rogers-Haley, J. E.; Cooper, T. M.; McLean, D. G.;
Urbas, A. J. Phys. Chem. C 2009, 113, 1060.
28. de la Torre, G; Vàzquez, P; Agulló-López, F; Torres, T. Chem. Rev. 2004, 104, 3723.

179

29. Ostuni, R; Larciprete, M.C; Leahu, G; Belardini, A; Sibilia, C; Bertolotti, M. J. Appl.
Phys. 2007, 101, 033116.
30. Sun, Y.; Riggs, J. E.; Henbest, K. B.; Martin, R. B. J. Nonlinear Opt. Phys. Mater. 2000,
9, 481.
31. Venkatram, N.; Kumar, R. S. S.; Rao, D. N. J. Appl. Phys. 2006, 100, 074309.
32. Porel, S.; Venkatram, N.; Rao, D. N.; Radhakrishnan, T. P. J. Appl. Phys. 2007, 102,
033107.
33. Goodson III, T.; Varnavski, O.; Wang, Y.. Rev. Phys. Chem. 2004, 23, 109-150.
34. Padilha, L. A. et al. Two-photon absorption in CdTe quantum dots Opt. Exp. 13, 6460.
2005.
35. He, G. S.; Yong, K.; Zheng, Q.; Sahoo, Y.; Baev, A.; Ryasnyanskiy, A. I.; Prasad, P. N..
Express. 2007, 15, 12818
36. Fedorov, A. V; Baranv, A. V; Inoue,K. Phys. Rev. B 1996. 54, 862.
37. Jia, W.; Douglas, E. P.; Guo, F.; Sun, W. Appl. Phys. Lett. 2004, 85, 6326.
38. Tom, R. T; Nair, A. S; Singh, N; Aslam, M; Nagendra, C. L; Philip, R; Vijayamohanan,
K; Pradeep, T. Freely Dispersible. Langmuir. 2003, 19, 3439.
39. Kiran, P. P.; Bhaktha, B. N. S.; Rao, D. N.; De, G. J. Appl. Phys. 2004, 96, 6717.
40. Qu, S.; Zhao, C.; Jiang, X.; Fang, G.; Gao, Y.; Zeng, H.; Song, Y.; Qiu, J.; Zhu, C.;
Hirao, K..Chem. Phys. Lett. 2003, 368, 352.
41. Varaganti, S.; Gessesse, M; Obare, S; Ramakrishna, G. Proc. of SPIE Vol. 7413 7413091.
42. Meulenkamp, E. A. Synthesis and Growth of ZnO Nanoparticles. J. Phys. Chem. B .1998,
102, 5566-5572.
43. Brus, L. E. J. Chem. Phys. 1984, 80, 4403-4409.

180

44. Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 2nd ed.; Kluwer
Academic/Plenum Publisher: New York, 1999.
45. Varaganti, S.; Ramakrishna, G. J. Phys. Chem. C 2010, 114, 13917-13925.
46. Varaganti, S.; Ramakrishna, G. J. Phys. Chem. C .2010¸ 114, 13917-13925
47. Devadas, M.S.; Kim, J.; Sinn, E.; Lee, D.; Goodson, T. III; Ramakrishna, G. J. Phys.
Chem. C 2010, 114, 22417-22423
48. Wiederrecht, G.P.; Geibink, N. C.; Hranisavljevic, J.; Rosenmann, D.; Martinsson, A. B.
F.; Schaller, R. D.; Wasielewski, M. R. Appl. Phys. Lett. 2012, 100, 113304-113307
49. Beljonne, D.; Wenseleers, W.; Zojer, E.; Shuai, Z.; Vogel, H.; Pond, S. J. K.; Perry, J.W.;
Marder, S. R.; Bredas, J. Adv. Funct. Mater. 2002, 12, 631-641.
50. Lippert, E. Dipolmoment und Elektronenstruktur von angeregten Molekülen, Z.
Naturforsch., A: Phys. Sci. 1955, 10, 541−545.

181

CHAPTER 6

TWO-PHOTON ABSORPTION PROPERTIES OF CHROMOPHORES IN
MICELLES: ELECTROSTATIC INTERACTIONS
6.1 Introduction
Materials with large two-photon absorption (2PA) cross-sections have found applications in
interdisciplinary areas of sciences that include two-photon microscopy and imaging1-3, 3D
micro/nano fabrication,4-6 3D optical data storage,7 optical limiting,8-10 photodynamic
therapy,11-12 TP-sensing13-15 and biophysics.16, 17 For all these applications, chromophores with
large 2PA cross-sections are necessary. Thus, most of the research is focused on designing
better and more efficient 2PA materials. Several organic chromophores with dipolar,
quadrupolar, octupolar, and dendritic architectures18-25 were designed and synthesized to
achieve better 2PA cross-sections with great success. Enormous research is focused on
developing better 2PA materials but little is known about the influence of environment on the
2PA cross-sections of the chromophores. Solvent polarity, micro-heterogeneous media and
confined geometries tend to influence the optical properties of chromophores like
fluorescence quantum yields, electron-transfer reactions, photo-stability, solvation dynamics
etc.26-38
Recent literature has focused on probing the effect of solvent polarity on 2PA crosssections.39-46 Agren and co-workers46 have theoretically shown that the influence of the
solvent polarity on the 2PA cross-sections is not significant. Bazan and co-workers39 have
studied the solvent effect on the 2PA properties of D--A--D chromophores and shown that
the influence of solvent polarity on the 2PA cross-sections is quite non-monotonic and
maximum 2PA cross-section is observed in solvents of intermediate polarity. Theoretical
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approaches have focused on explaining this trend and were quite successful.38, 46 However,
the reports probing the effect of micro-heterogeneous environment on the 2PA cross-sections
of chromophores are sparse.47-51 Bazan and co-workers have studied the 2PA properties of
paracyclophane derivatives in aqueous micellar solutions and have shown large
enhancements in 2PA cross-sections.47 But, the enhancement was attributed to solvent
polarity rather than the organized assembly. A recent report has focused on the 2PA crosssections of quadrupolar chromophores in cyclodextrins and they have observed 2- to 3-fold
increase in the 2PA cross-sections of chromophores in cyclodextrins.52 However, there are no
systematic reports probing the micellar environment on the 2PA cross-sections of
chromophores with intramolecular charge-transfer character. Micelles can be cationic, neutral
and anionic depending on the chemical composition of the surfactants that form them. It will
be interesting to probe how these different micellar environments can influence the 2PA
cross-sections of chromophores solubilized in them.
The main goal of the present investigation is to study the influence of micelle environment on
the 2PA cross-sections of coumarin dye molecules and probe whether the electrostatic
interactions play a role in altering their cross-sections. To achieve the objective, we have
studied the 2PA cross-sections of two coumarin dye molecules; C485 (neutral) and C519(structures shown in Scheme 6.1) in three different surfactants: sodium dodecyl sulfate (SDS,
anionic), Triton X-100 (Tx-100, neutral), and cetyltrimethylammonium bromide (CTAB,
cationic). The results obtained from the study will shed light on the influence of microheterogeneous environment on the 2PA cross-sections of chromophores.
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Scheme 6.1 Molecular structures of the investigated chromophores
6.2 Experimental
6.2.1 Materials
SDS, Tx-100 and CTAB were obtained from Sigma-Aldrich and were used as received.
Milipore water was used to make the aqueous solutions of micelles. The dye molecules, C519
and C485 were purchased from Exciton inc. All the measurements of absorption,
fluorescence, two-photon cross-section and time-resolved measurements were performed in
surfactant concentrations of at least two times above the critical micelle concentration (CMC)
of respective micelles unless stated otherwise. Anionic C519 was prepared by adopting a
published procedure53 with a small modification where methanol was used instead of water
for efficient removal of the solvent. Briefly, the sodium salt of C519 (C519 -) was prepared by
dissolving C519 in methanol and increasing the pH of solution to 10 using NaOH and the salt
of C519 was obtained by rotary evaporating methanol. The absorption and fluorescence
spectra of C519- matched quite well with the published spectra.53
6.2.2 Methods
Optical absorption measurements were carried out in a Shimadzu UV-2101PC
spectrophotometer and steady-state fluorescence measurements were carried out on an
Edinburgh spectrofluorimeter. The quantum yields of the dye molecules in various media
were measured using C485 in methanol as the standard.54 To measure the 2PA cross-sections,
two-photon excited fluorescence (TPEF) technique was employed.55-56 A 10-4 M C485
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solution in methanol was used as a reference over a wavelength range of 720-900 nm with the
cross sections of the standard reported earlier.56 For the measurements, output from a
broadband Ti:Sapphire oscillator (Spectra Physics) was focused onto the sample and the
fluorescence was monitored via the Edinburgh spectrofluorometer. The power was varied
with a neutral density filter. All the samples have shown slope 2 power dependence
confirming that the fluorescence is indeed arising out of a 2PA event.
The time-resolved fluorescence measurements were studied using the femtosecond
fluorescence upconversion technique described elsewhere.57 Briefly, the studies were carried
out with the second harmonic (400 nm) of the fundamental Ti:Sapphire laser at 800 nm, as
the excitation source and the upconversion optics from CDP instruments inc, Russia.
Polarization of the excitation beam was controlled using a Berek compensator, and the
sample was continuously rotated with a rotating cell of 1 mm thickness. Polarized
fluorescence emitted from the sample was up-converted in a nonlinear crystal of -barium
borate using the gate beam at 800 nm, which first passed through a variable delay line. The
instrument response function (IRF) was measured by monitoring the Raman scattering from
water. Fitting the Gaussian peak from the Raman scattering yielded a sigma value of 120 fs
which gave a full width half maximum (FWHM) of 280 fs. Spectral resolution was achieved
using a double monochromator and photomultiplier tube. The excitation average power was
mostly in the range of 3.5 ± 0.2 mW.
Fluorescence anisotropy is calculated from the traces obtained after parallel (Ipar) and
perpendicular (Iper) excitation using equation 6.158, which is based on the ratio of difference
between parallel and perpendicular polarized emissions over magic-angle fluorescence:
6.1
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where, the G factor accounts for the differences in sensitivities for the detection of emission
in perpendicular and parallel polarized configurations. The G factor was obtained from the
tail-fitting of the anisotropy decays of perylene in methanol and coumarin 515 in methanol.
Fluorescence lifetimes in nanosecond time domain were measured using the time-correlated
single-photon counting technique (Edinburgh F900) using 370 nm diode laser (PicoQuant
Inc.) as the excitation source. The resultant fluorescence was detected with a cooled
Hamamatsu R928P photomultiplier tube. Scattering from aluminum foil was used to obtain
the instrument response function (IRF). The fluorescence lifetimes were obtained from
deconvolution of the fluorescence decay with IRF.
6.3 Results and Discussion
6.3.1 Steady-state measurements
Optical absorption and steady-state fluorescence measurements are carried out to study the
electronic interactions of chromophores with micelles. The normalized absorption and
fluorescence spectra are shown in parts A and B of Figure 6.1 for C485 and C519-,
respectively. The absorption maximum of C485 in different media (water, CTAB, SDS and
Tx-100) was unchanged while the fluorescence maxima shifted to shorter wavelengths with
respect to water, Figure 6.1A. The results indicate that C485 is solublized in the micelles,
probably in the palisade layer or the core. From the fluorescence maxima of C485 in different
micelles (Table 6.1), micro-polarity where C485 is localized was obtained. It is observed that
C485 is solublized in the palisade layer (probably little closer to the head group) of SDS and
CTAB (with a polarity similar to that of methanol) while it was farther from the head group
in Tx-100 (micro-polarity similar to isopropanol). Also, the fluorescence quantum yields of
C485 increased significantly when it was bound to the micelles, Table 6.1.
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Figure 6.1 Normalized absorption and fluorescence spectra of 10-5 M (A) C485 in water,
SDS, CTAB and Tx-100 and (B) C519- in water, SDS, CTAB and Tx-100
Table 6.1 Absorption and fluorescence spectral properties of the investigated chromophores
in various media
Sample
C485/water
C485/CTAB
C485/SDS
C485/Tx-100
C519-/water
C519-/CTAB
C519-/SDS
C519-/Tx-100
a

403
(nm)
408
409
404
431
411
447
449

Quantum Yield ()

Lifetimes










* 1=3.5 ps (24.3%), 2=480 ps
1=15.5 ps (5.3%), 2=450 ps
a
=480 ps
3 = 4.7 ns 2(13.3%)
1=7.3 ps (10.7%),
a
= 2.8 nsa
3 = 3.9 ns2 (16.4%)
1=480 ps (93.5%),
a
4.7
4.3nsa ns(7.4%)
3 ==
=
(6.5%)
4.4a ns
= 4.3a ns
= 4.2a ns

524
(nm)
516
514
498
485
474
486
488

lifetimes obtained from single photon counting technique

*lifetimes for C485 were obtained in methanol as the solubility in water is only about 10 µM
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In contrast, the absorption maxima of C519- varied in different media. The absorption
maximum of C519- is shifted to 447 nm in SDS and 449 nm in Tx-100 micelles while it is
shifted to higher energies to 411 nm in CTAB, Figure 6.1B and Table 6.1. The results show
that C519- is solubilized in these micelles but CTAB offers different stabilization compared
to SDS and Tx-100, which can be attributed to the electrostatic interactions between C519and CTAB. Further femtosecond fluorescence lifetime and anisotropy measurements are
carried out to confirm the localization of chromophores inside the micelles.
6.3.2 Time-resolved fluorescence measurements
The fluorescence kinetic decay traces of C485 in different media and corresponding
anisotropy traces are shown in parts A and B of Figure 6.2, respectively. The excited state
relaxation of C485 is dominated by solvation followed by the singlet state relaxation decay.
The fluorescence lifetime of C485 in methanol was fitted with a three exponential function
with lifetimes of 3.5 ps, 480 ps and 4.7 ns. The 3.5 ps lifetime can be attributed to the
solvation time constant of methanol.54, 59 Other two components are attributed to singlet state
lifetimes. The average singlet state lifetime of C485 matched quite well with that of literature
reports.59 However, when C485 is solubilized in micelles, the solvation component is
altered.30 In Tx-100, the relaxation of C485 is dominated by ICT state decay where the
solvation component is significantly different than other micelles or to that of methanol. This
can be because of different micro-polarities in micelles where the chromophore is localized.
The anisotropy decays of C485 in different micelles (Figure 6.2B) show that the anisotropy is
longer in the micelles suggesting that C485 is localized in the micelles, probably in the
palisade layer (region of the micelle occupied by the hydrated headgroups). The anisotropy
decay of chromophores in micelles is normally modeled by wobbling in a cone mode with
short and long components of the decay.60 The anisotropy decay traces of C485 in micelles
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also follow similar wobbling in a cone model with two different decay components, Figure
6.2B. In addition, the fact that there is a significant residual anisotropy in micelles when
compared to the bare solvent confirms that C485 is localized in micelles.

Norm. Fluorescence

1.0

C485/MeOH
C485/CTAB
C485/SDS
C485/Tx-100

A

0.8
0.6
0.4
0.2
0.0
0

100

200

300

400

Time (ps)

B

0.40

C485/MeOH
C485/CTAB
C485/SDS
C485/Tx-100

Anisotropy

0.32
0.24
0.16
0.08
0.00
0

100

200

Time (ps)

300

400

Figure 6.2 (A) Fluorescence kinetic decay traces of C485 in methanol (510 nm), SDS (510
nm), Tx-100 (500 nm) and CTAB (510 nm) after excitation at 400 nm. (B) Corresponding
fluorescence anisotropy decay traces of C485 in different media.
Along similar lines, the fluorescence decay traces of C519- in water (490 nm), SDS (490 nm),
Tx-100 (490 nm) and CTAB (470 nm) after excitation at 400 nm are shown in Figure 6.3A.
The fluorescence lifetimes of C519- in different media are long and are dominated by the
decay of ICT state. As the fluorescence lifetimes were found to be greater than 1 ns (longer
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than the delay line of the upconversion setup), lifetime data was obtained from timecorrelated single photon counting and is provided in Table 6.1 for C519- in different media.
Important information about the localization of C519- in micelles can be obtained from the
fluorescence anisotropy measurements. The anisotropy decay traces of C519- in different
media are shown in Figure 6.3B. Here again, it is observed that the anisotropy decays of
C519- in micelles follow bi-exponential decay function with a noticeable residual anisotropy
when compared to water. These features confirm that C519- is localized in micelles. The
exact location of the chromophore in micelles is very difficult to obtain from the anisotropy
measurements. However, as observed in optical absorption and fluorescence measurements,
C519- in CTAB offers different stabilization than that of SDS and Tx-100. This is ascribed to
the electrostatic interaction between C519- and CTAB which is absent in other systems.
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Figure 6.3 (A) Fluorescence kinetic decay traces of C519- in different micelles and
corresponding fluorescence anisotropy decay traces (B)
6.3.3 2PA measurements
As the central objective of the investigation is to study the 2PA properties of chromophores in
micelles, TPEF measurements were performed to obtain the same.
6.3.3.1 2PA cross-sections of C485 in different media
Shown in Figure 6.4 are the 2PA cross-sections of C485 in various media measured at
different wavelengths. A closer look at the figure shows little variation in the 2PA crosssections of C485 in micelles and almost similar to that of methanol. Although C485 is
localized in different regions of micelles with different micro-polarities, the 2PA crosssections show minimal differences, Table 6.2. Several research groups have shown that the
polarity effect on the 2PA cross-sections of chromophores is rather non-monotonic and the
present results on C485 show that the effect is minimal in micro-heterogeneous media as
well.45
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Figure 6.4 2PA cross-sections of C485 in water, SDS, CTAB, and Tx-100 at different
wavelengths
6.3.3.2 Micro-polarity values of C485 in different micelles
A calibration curve based on the fluorescence maxima of C485 in several protic solvents and
solvent mixtures was created to determine the micro-polarity in different micelles. The
solvents used are isopropanol, methanol, ethanol and methanol/water mixtures. The
calibration curve was obtained by plotting the fluorescence maxima as a function of ET-30
values of solvents and solvent mixtures.61 Using the calibration curve and the fluorescence
maxima of C485 in different micelles, we have determined their micro-polarity values. It can
be observed from Figure 6.5 that the micro-polarity values for SDS and CTAB are lower than
water and quite similar to that of methanol. On the other hand, the micro-polarity for Tx-100
is around 48.1, which is closer to the polarity of isopropanol. The results show that C485 is
solubilized probably in the palisade layer of micelles but with different micro-polarities
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Figure 6.5 Micro-polarity values for C485 solubilized in different solvents
Table 6.2 Maximum 2PA cross-sections of the investigated chromophores in different media

Sample
C485/water

1.9

C485/CTAB

2.6

31±5
(GM)
29±6

C485/SDS

5.3

33±6

C485/Tx-100

11

35±6

-

C519 /water

35

50±8

-

61.2

102±16

-

C519 /SDS

38.6

46±8

C519-/Tx-100

25.2

45±8

C519 /CTAB

6.3.3.3 2PA cross-sections of C519- in different media
The 2PA cross-section trends of the anionic C519 are significantly different from that of the
C485. Figure 6.6 and Table 6.2 show the 2PA cross-sections of C519- in different micelles
monitored at different wavelengths. C519- in water has a maximum 2PA cross-section of 50
±8 GM and it is almost unchanged in SDS and Tx-100 which are anionic and neutral

193

surfactants, respectively. In contrast, the maximum 2PA cross-section of C519- increases to
102 ± 16 GM in CTAB (2-fold enhancement) and the 2PA excitation spectrum matched
closely with the shift in absorption spectrum. The results show that the electrostatic
interactions at the interface of the CTAB where the anionic chromophore is locally
solubilized is probably the reason behind the 2PA cross-section enhancement.
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Figure 6.6 2PA cross-sections of C519- in water, SDS, CTAB, and Tx-100 at different
wavelengths
However, it is necessary to understand if the enhancement is because of the organized
assembly or the association of C519- and CTAB surfactant.
6.3.3.4 Shift of C519- fluorescence maximum with increasing CTAB concentration
To understand the interaction of C519- and CTAB micelles, absorption and fluorescence
spectra are measured with increasing concentrations of the surfactant. The absorption and
fluorescence spectra of C519- are shifted to higher energies at around the critical micelle
concentration. In contrast, the absorption of C519- is shifted to longer wavelengths in SDS
and Tx-100. The shift in C519- fluorescence spectra as well as fluorescence maximum as a
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function of CTAB concentration are shown in Figure 6.7A and 6.7B, respectively. Similar
shift in the absorption and fluorescence spectra were reported for the anionic C519 in
CTAB.62 The blue shift of the electronic absorption and fluorescence spectra of
chromophores can be ascribed to the Stark shifts arising out of the electrostatic interactions.
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Figure 6.7 (A) Fluorescence spectra of C519- as a function of increasing CTAB
concentrations. (B) Plot of one photon and two-photon fluorescence maximum as a function
of CTAB concentration for C519-. The shift of fluorescence maximum matches quite well
with that of the critical micelle concentration of CTAB.62
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6.3.3.5 Determination of the change in dipole moment
The change in dipole moments of chromophores are often determined from Lippert-Mataga
equation,63-65 (equation 6.3), which relates the Stokes shift ( ̅ with the solvent polarity
) where  is the dielectric constant and  is

parameter (

the refractive index of the solvent. From the slope of the plot, the change in dipole moment
(

) can be determined.
̅

In equation 6.3,

̅

̅

6.3
̅

is the solvatochromic shift (in cm-1) between the

absorption and fluorescence maximum, h is the Planck’s constant, c is the velocity of light, 0
is the permittivity of vacuum, and a is the cavity radius. µg and µe denote the dipole moments
of the dye in ground and excited states, respectively. The cavity radius (a) is calculated from
the molecular volumes.66 Assuming the dye as a sphere, a was determined to be 4.5
Angstroms for C519-. Shown in Figure 6.8 is the solvatochromic plot for C519-. From the
slope of the plot ( ̅ vs f),

was determined and it was about 5.2 ± 0.3 Debye. It has to

be mentioned that the change in dipole moment determined from the Lippert-Mataga plots
always involve significant error bars as there are several variables such as the cavity radius
which are unreliable and can influence the values.
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Figure 6.8 Plot of Stoke’s shift versus solvent polarity parameter (f) for C519- in different
solvents and solvent mixtures
6.3.3.6 2PA cross-sections as a function of surfactant concentration
To answer the question whether the enhancement is because of simple cation-anion
interaction or due to the organized assembly of micelle, 2PA cross-sections of C519- were
measured with increasing concentrations of CTAB. Shown in Figure 6.9 are the 2PA crosssections of C519- with increasing concentrations of CTAB. It can be observed from the figure
that the 2PA cross-section of C519- is unchanged until the concentration of CTAB reached
0.8 mM and showed two times enhancement after 1 mM. The critical micelle concentration
(CMC) of CTAB is around 1 mM67, 68 and the results confirm that the enhancement of 2PA
cross-section is because of the organized micelle assembly and not due to cation-anion
interaction between C519- and CTAB. In addition, the absorption and fluorescence spectra of
C519- also shifted to higher energies at around CMC only. Preferential blue shift of
absorption spectra of C519- in the CTAB micelle indicate that it is localized in an
environment where the local electric fields (due to Stark shifts) are effective.
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Figure 6.9 2PA cross-sections of C519- with increasing concentrations of CTAB at 800 nm
6.3.3.7 Mechanism of 2PA enhancement
Three main observations were made from the 2PA cross-sections of chromophores in
different micellar media. Firstly, the neutral C485 did not show significant change in 2PA
cross-sections in different micelles. Secondly, even the anionic C519 showed little change in
anionic SDS and neutral Tx-100. Finally, the anionic C519 showed 200% enhancement when
solubilized in cationic CTAB. Literature reports have shown that the local environments in
micelles provide different micro-polarities and micro-viscosities. It is also reported that the
ionic micelles possess local electric fields at the head group of the micelle/water interface.57,
69

There are four different regions in micelles, (i) Guoy chapman layer - region where the

counter ions reside, (ii) Head group layer (Stern - layer), (iii) Palisade layer - region below
the head group region where the hydration is observed and (iv) Core region - mostly
hydrophobic region (Scheme 6.2). The micro-polarities and electric fields experienced by the
chromophores in micelles are dependent on the location of the chromophore in the micellar
environment. For instance, highest local electric fields are expected and observed in the stern
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layer region for ionic micelles.72 However, palisade layer and core regions provide different
environments with varying micro-polarities.

Scheme 6.2 Schematic diagram depicting the possible location of C519- near the head group
region of CTAB.
Optical absorption and steady-state fluorescence measurements have shown that C485 is
localized in the palisade layer of micelles but in different dielectric environments as
evidenced from the differences in their fluorescence maxima. The fact that the 2PA crosssections are unchanged for C485 in different micelles indicates little influence of micropolarity on the two-photon properties of neutral C485. The 2PA cross-sections of C485 are
similar in solvents of different polarity and this is probably the reason behind insensitivity to
micro-polarities. However, if a chromophore shows polarity-dependent 2PA cross-sections, it
can show differences in 2PA cross-sections in different micelles as well. However, the 2PA
cross-sections of anionic C519 has shown an interesting 200% increase in 2PA cross-section
when it is solubilized in cationic CTAB, while no change occurs in other micellar systems.
This result is again attributed to the location of C519- in different micelles. Due to the
electrostatic interactions, C519- is expected to be solubilized in the stern-layer region of
CTAB while it resides away from the head group region in other micelles, Scheme 6.2.
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Additional support for the location of C519- in CTAB comes from one photon and twophoton fluorescence maxima as a function of CTAB concentration. Both one and two-photon
fluorescence maxima shifted to blue wavelength regions with micelle formation, indicating
the influence of local electrostatic fields in the stern layer on the optical properties of C519-,
which can be attributed to Stark shifts.

Recently, Rebane and co-workers74-76 have shown that the local electric fields can have
marked influence on the 2PA cross-sections with their work on fluorescent proteins.74 The
effect of local electric field on the 2PA cross-sections of chromophores can be understood
with the following expressions. In a sum-over states formalism, 19, 75 the two-state 2PA crosssection (

) is given by:
|⃗⃗⃗⃗⃗⃗⃗ | |⃗⃗⃗⃗⃗⃗⃗⃗⃗ |

6.4

where, ⃗⃗⃗⃗⃗⃗⃗ is the transition dipole moment vector between the ground state (g) and excited
state (e), ⃗⃗⃗⃗⃗⃗⃗⃗⃗ the difference between the permanent dipole moments in the ground and
excited state and
shape function,

is the angle between these two vectors.

, is the normalized line

is the refractive index, the speed of light,

is the Planck’s constant, and

is the local field factor (optical) given by

.

It can be seen that the 2PA cross-section of chromophore is proportional to the square of
change in dipole moment and change in permanent dipole moment. The local electric fields
of an organized assembly contribute to change in dipole moment via an increase in induced
dipole moment:
6.5
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where,

corresponds to the permanent dipole moment change in the zero field situation,
is the change in polarizability between ground and excited states and E is the

local electric field. From the results of the 2PA cross-section enhancement, we have
estimated the local electric field in the stern-layer of CTAB.

for C519- is determined

from Lippert-Mataga plots77-79 and it was found to be around 5.2 D and have used the
coumarins which is less than 10

and close to 6

80

for

From this data, the local electric field

in Stern-layer region of CTAB was estimated to be around 0.70 ± 0.3 MV/cm. The results
discussed above have shown that the 2PA cross-sections of chromophores can be enhanced if
the chromophores are localized in the stern-layer of ionic micelles. This result is significant
as the 2PA of appropriate chromophores can be used as markers of the electrostatic
environments such as membranes, DNA and proteins. Further work is ongoing in our
laboratory to address the effect of electric fields in several organized assemblies and confined
geometries.
6.4 Conclusions
A systematic study of the 2PA cross-sections of C485 and C519- in different micelle
assemblies is reported. The results have shown that the 2PA cross-sections of the neutral
C485 are unchanged in different micellar environments. On the other hand, the 2PA crosssections of C519- increase two-fold when it is solubilized in the cationic CTAB micelle and
are unchanged in anionic and neutral micelles. The enhancement in 2PA cross-section for
C519- in CTAB is attributed to the electrostatic fields that arose from the micelle assembly.
Femtosecond fluorescence upconversion lifetimes and anisotropy measurements show that
the chromophores are solubilized in the micelles. The titration measurements show that the
2PA cross-sections are enhanced when the chromophore is present in the organized medium
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rather than simple anion-cation interactions. Local electric field in the head group region of
CTAB was determined from the 2PA enhancement and it was found to be around 0.70 ± 0.30
MV/cm. The present study shows a new way to monitor the local electric fields in different
organized and confined environments.
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6.5 Summary



As the 2PA cross-sections are enhanced under the local electric fields at interfaces,
this investigation was aimed at estimating the local electric fields in micelles using
2PA enhancement.



To achieve this objective, investigations were carried out on neutral and anionic
chromophores solubilized in neutral, cationic and anionic micelles.



The investigated chromophores were found to be solubilized in micelles, although at
different regions of micelles, based on their micropolarities and femtosecond
anisotropy measurements.



The 2PA cross-sections increased when anionic chromophore was solubilized in the
cationic micelles while it was unchanged for neutral chromophore.



Enhancements in the 2PA cross-sections were attributed to electric field that arose
from the micellar assembly.



The present study has shown a new way to monitor the local electric fields in
different organized and confined environments and could be used as a strategy to
monitor electric fields in several biological systems.
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CHAPTER 7
OVERALL SUMMARY AND FUTURE PERSPECTIVE

7.1 Summary
In this chapter, some of the conclusive results from each chapter are summarized and
perspectives for future research are highlighted whenever necessary.
The first chapter in this dissertation highlights the background information regarding the nonlinear optical properties, especially that of two-photon absorption (2PA) of materials and
delineates their applications in industry and medical research. In this dissertation, organic
chromophores functionalized on the surface of semiconductor nanoparticles were the focus of
interest for designing novel 2PA materials. This work focused on the 2PA properties of
materials at interfaces as a new design strategy to achieve enhanced cross-sections. A number
of organic, inorganic, and organometallic compounds have been investigated for enhancing
the 2PA cross-sections. Even though the 2PA cross-section enhancements for this type of
compounds is decent, synthetic difficulties, aggregation at higher concentration and lack of
photo-stability makes them less useful. The basis of this research was to use hybrid
organic/inorganic chromophore-functionalized semiconductor nanoparticles as a potential
alternatives for making better solid-state 2PA materials, which are photo-stable and can avoid
aggregation at higher concentrations. The hypothesis is that the strategy of chromophores
attached on the surface of the semiconductor nanoparticles can lead to enhanced 2PA crosssections and also overcome the problems cited above. This strategy emanated from the fact
that the interfacial charge-transfer between chromophores and semiconductor nanoparticles
can lead to effective dipolar perturbation as well as the generation of local electric fields at
the interface, which then can synergistically enhance the 2PA cross-sections. The outcome of
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the research will be novel materials and establishing new phenomena that can be used to
obtain better 2PA materials for applications in medical science research and industry.
In chapter 2, the fascinating capability of a high intensity laser source for studying non-linear
effects and its unique properties were explained. In this dissertation, the role of lasers as
intense light sources for studying non-linear optical property has been outlined. In addition,
the creation of laser sources and generation of pulses are discussed to gain an understanding
of the advancements in laser technology. On the other hand, some major experimental
techniques for quantifying the 2PA behavior as well as investigating ultrafast charge-transfer
dynamics at the interfaces was discussed. Two-photon excited fluorescence (TPFE) technique
was used to investigate 2PA cross-sections. Also, time-resolved spectroscopic tools including
fluorescence upconversion, time-correlated single photon counting (TCSPC), and transient
absorption (TA) measurements were used to investigate lifetimes and excited state dynamics
and the principles of the techniques were discussed here.
In chapter III, systematic study of the dynamics of charge-transfer between anthracene
derivatives containing cyanoacrylic and malonic acid anchoring groups attached to TiO2
nanoparticle were discussed. Mainly, the influence of cyanoacrylic acid and malonic acid
anchoring group on the rate of electron injection and charge recombination for solid-state
applications were outlined. The major results from this chapter are:


Efficient electron injection is possible from the investigated chromophores to TiO 2
nanoparticles regardless of very short singlet state lifetime for the free chromophores
in solution. This results showcases the importance of strong electronic coupling of
the chromophore with TiO2 that can overcome the relaxation of the chromophores.
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Slow and inefficient electron injection to TiO2 was observed from a chromophore
with malonic acid anchoring group when compared to cyanoacrylic acid anchoring
group indicating greater electronic coupling of the later to TiO2



The presence of local surface electric fields was shown in these anthracene
chromophores sensitized TiO2 via the Stark shifts observed in transient absorption
measurements. The presence of local electric fields at dye-TiO2 interfaces is critical
to use these systems as efficient 2PA materials

In chapter IV, the dynamics of ultrafast interfacial charge-transfer between a push-pull
chromophore geometry (donor-π-acceptor) chromophore on the surface of TiO2 nanoparticles
was investigated in order to understand the rate and mechanism of electron injection and
charge recombination processes. In this work, the CT-CA chromophore was chosen for the
investigation as it possesses carbazole as the donor and cyanoacrylic acid as the acceptor,
forming a dipolar orientation to the surface of TiO2. The major contributions from this study
are:


The investigated chromophore with donor-π-acceptor geometry injected electrons
into TiO2 very efficiently and the charge recombination is also slower. The result is
attributed to the inherent charge-transfer character of the chromophore with which it
can efficiently inject electrons



Time-resolved fluorescence and absorption measurements showed the presence of
20% of slow component of electron injection. The presence of the slower component
of electron injection is the result of the energetic position of the intramolecular
charge transfer (ICT) state relative to TiO2 conduction band and is confirmed from
quantum dynamics calculations
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Wavelength dependent femtosecond fluorescence upconversion revealed reduced
electron injection rates for the lower energy decay traces suggesting the involvement
of a state below the conduction band edge in support of slower electron injection
arising from the ICT state



In addition, the transient Stark shifts arising out of the local electric fields at the
interface of TiO2 was demonstrated

In chapter V, two coumarin derivatives containing catechol as their anchoring groups were
synthesized and investigated for their use as 2PA materials. The motivation behind this study
was to prove our hypothesis that the interfacial charge-transfer as well as local electric fields
on the surface of semiconductor nanoparticles can enhance the 2PA cross-sections of the
attached chromophores. In this study, the 2PA cross-section enhancements as well as the
mechanism behind the enhancement was probed with femtosecond fluorescence
upconversion and transient absorption measurements. The following conclusions were drawn
from this study:


Coumarin derivatives with catechol anchoring groups binds strongly with the ZnO
nanoparticles forming a ground state charge-transfer (CT) complex



Superior enhancement of 2PA cross-section per nanoparticle unit was observed for
chromophores attached to ZnO nanoparticles. 2PA cross-sections enhancement of 20fold and 12-fold were achieved for chromophores bound to ZnO nanoparticles



Enhanced 2PA cross-sections were attributed to increased dipole moments with the
formation of a CT state
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The present results have shown that the 2PA cross-sections can be enhanced on the
semiconductor nanoparticles and can be used as an effective strategy to obtain
materials with greater 2PA properties

In chapter VI, a potential application based on the knowledge gained from local electric fields
generated at interfaces and their influence on the change in dipole moment was investigated.
It was envisioned that the influence of environment on the 2PA cross-sections of the
chromophores could help monitor the local electric field in different organized and confined
environments. For this purpose, two coumarin dyes (neutral and anionic) and three different
surfactants acting as a medium were considered. From this study, following outcomes were
obtained


Investigated chromophores found to be solubilized in micelles although at different
regions of micelles based on their micropolarities and femtosecond anisotropy
measurements



The 2PA cross-sections increased when anionic chromophore was solubilized in the
cationic micelles while it was unchanged for neutral chromophore



Enhancement in the 2PA cross-sections were attributed to electric field that arose
from the micellar assembly



The present study has shown a new way to monitor the local electric fields in
different organized and confined environments and could be used as a strategy to
monitor electric fields in several biological systems

214

7.2 Future Perspective
The major contribution of my research work is the application of chromophore-functionalized
semiconductor nanoparticles as a strategy to develop better 2PA materials for device
applications. The idea is to create superior optical materials that are synthetically accessible,
but do not aggregate at very high concentrations, and have good photo-stability. Thus, it
would be very interesting to explore the 2PA properties for these organic chromophores
attached to nanoparticles while in their solid-state (thin films). In addition, there is a need to
develop novel strategies of controlling the charge-transfer dynamics in order to enhance
optical and two-photon properties in broadband wavelength region. It is to be noted that, the
effect of local electric field generated at the interfaces can be manipulated to design better
2PA materials. The local electric field is responsible for the change in the dipole moments
that result to 2PA cross-section enhancement. Thus, probing the structure-property
relationships in molecule-semiconductor and molecule-metal nanocomposite systems, from
both ends of organic and semiconductor materials will play a significant role in improving the
optical performance by materials that show excellent 2PA property.
Another contribution of our research would be in the design and selection of non-linear
optical materials for developing new applications. Here, a systematic study of 2PA based on
the structure-property relationship is vital for developing potential applications. Based on the
preliminary results, the large enhancement in 2PA cross-sections of coumarin derivatives
functionalized on ZnO nanoparticles could be used as potential optical suppressant material
for optical power limiting applications. It is well known that optical limiting materials play a
great role in protecting optical sensors and human eyes from the dangers of high intensity
lasers. Thus, the knowledge gained from the application of novel non-linear optical materials
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enabled me to understand the dynamics of charge-transfer interactions between chromophore
and semiconductor materials as well as structure-property relationship for making smart
choice in research towards the development of new applications.
Another potential contribution of this research arises from the knowledge gained on local
electric fields generated at interfaces and their influence on the change in dipole moment and
2PA cross-section of chromophores. Thus, the influence of environment on the 2PA crosssections of chromophores could be utilized to monitor local electric fields in different
organized and confined environments. Simply, 2PA can be used as a tool to monitor local
electric field in proteins (protein folding and unfolding studies), protein-ligand interactions
and other related biological applications.
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